Desempenho sísmico para fora do plano de paredes de alvenaria de pedra: avaliação experimental e analítica by Ferreira, Tiago Miguel dos Santos
 Universidade de Aveiro 
Ano 2015 
 Departamento de Engenharia Civil 
Tiago Miguel dos 
Santos Ferreira 
 
DESEMPENHO SÍSMICO PARA FORA DO PLANO DE 
PAREDES DE ALVENARIA DE PEDRA: AVALIAÇÃO 
EXPERIMENTAL E ANALÍTICA 
 
OUT-OF-PLANE SEISMIC PERFORMANCE OF 
STONE MASONRY WALLS: EXPERIMENTAL AND 
ANALYTICAL ASSESSMENT 
 
 
 

  
Universidade de Aveiro 
Ano 2015 
Departamento de Engenharia Civil 
Tiago Miguel dos 
Santos Ferreira 
 
 
DESEMPENHO SÍSMICO PARA FORA DO PLANO DE 
PAREDES DE ALVENARIA DE PEDRA: AVALIAÇÃO 
EXPERIMENTAL E ANALÍTICA 
 Tese apresentada à Universidade de Aveiro para cumprimento dos requisitos 
necessários à obtenção do grau de Doutor em Engenharia Civil, realizada sob a 
orientação científica do Professor Doutor Romeu da Silva Vicente, Professor 
Auxiliar do Departamento de Engenharia Civil da Universidade de Aveiro e 
coorientação científica do Professor Doutor Humberto Salazar Amorim Varum, 
Professor Catedrático do Departamento de Engenharia Civil da Faculdade de 
Engenharia da Universidade do Porto e do Professor Doutor Alexandre Aníbal 
Meira Guimarães da Costa, Professor Adjunto Convidado do Departamento de 
Engenharia Civil do Instituto Superior de Engenharia do Porto. 	  
	  
 
 
 
 
Apoio financeiro da Fundação para a Ciência e Tecnologia 
(FCT) através dos projetos de investigação “Field Experimental 
Characterization of Stone Masonry Constructions under 
Earthquake Action” (PTDC/ECM/104520/2008) e 
“URBSIS: Assessing Vulnerability and Managing Earthquake 
Risk at Urban Scale” (PTDC/ECM-URB/2564/2012).   
 
 	  
 

  
Universidade de Aveiro 
Ano 2015 
Departamento de Engenharia Civil 
Tiago Miguel dos 
Santos Ferreira 
 
 
OUT-OF-PLANE SEISMIC PERFORMANCE OF 
STONE MASONRY WALLS: EXPERIMENTAL AND 
ANALYTICAL ASSESSMENT 
 Thesis submitted to the University of Aveiro to fulfil the requirements to obtain 
the degree of Doctor of Philosophy in Civil Engineering, under the scientific 
supervision of Doctor Romeu da Silva Vicente, Assistant Professor at the Civil 
Engineering Department of the University of Aveiro and co-supervision of 
Doctor Humberto Salazar Amorim Varum, Full Professor at the Civil 
Engineering Department of the Faculty of Engineering of the University of Porto 
and Doctor Alexandre Aníbal Meira Guimarães da Costa, Invited Professor at 
the Civil Engineering Department of the School of Engineering of the 
Polytechnic of Porto. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Financial contribution of the Portuguese Foundation for Science 
and Technology (FCT) through the research projects “Field 
Experimental Characterization of Stone Masonry Constructions 
under Earthquake Action” (PTDC/ECM/104520/2008) and 
“URBSIS: Assessing Vulnerability and Managing Earthquake 
Risk at Urban Scale” (PTDC/ECM-URB/2564/2012).   	  
	  
 
 
  
  
 
 
 
Dedico este trabalho, 
 
Aos meus pais, com amor e gratidão, pela educação que proporcionaram, 
pelos valores que me transmitiram e pelo amor e apoio incondicional que 
sempre me ofereceram. São e serão sempre os principais obreiros do que sou.    
 
À Ana Ribeiro, minha futura esposa, pela amizade, pelo amor, pela alegria e 
pela invulgar capacidade que tem de revelar o melhor de mim. 
 
Sem vocês nenhuma conquista valeria a pena. 
 

 
  
 
 
 
 
 
 
o júri   
 
presidente Prof. Doutor Vasile Staicu 
professor catedrático da Universidade de Aveiro 
  
 
 Prof. Doutor Carlos Alberto Ferreira de Sousa Oliveira 
professor catedrático do Instituto Superior Técnico de Lisboa 
  
 
 Prof. Doutor Aníbal Guimarães da Costa 
professor catedrático da Universidade de Aveiro 
  
 
 Prof. Doutor António José Coelho Dias Arêde 
professor associado da Faculdade de Engenharia da Universidade do Porto 
  
 
 Prof. Doutora Graça de Fátima Moreira de Vasconcelos 
professora auxiliar da Universidade do Minho 
  
 
 Prof. Doutor Romeu da Silva Vicente 
professor auxiliar da Universidade de Aveiro 
  
 
  
 
 
 

 
  
  
 
agradecimentos 
 
Gostaria de expressar aqui o meu mais profundo agradecimento a todos 
aqueles que contribuíram para a concretização deste trabalho, em particular 
aos meus prezados orientadores, o Professor Romeu Vicente, com quem 
tenho tido o enorme privilégio de aprender e trabalhar ao longo dos últimos 
anos. Para lá de mentor e de principal responsável pelo meu percurso 
académico e científico, é, e tem sido sempre, um grande amigo. Ao Professor 
Humberto Varum, pelo rigor, pela simpatia e pelo interesse que sempre 
demonstrou. O seu exemplo marcou definitivamente a minha forma de 
trabalhar. Ao Professor Alexandre A. Costa pela proximidade, pelo incentivo e 
pelos valiosos ensinamentos que me transmitiu ao longo do trabalho. O seu 
apoio e colaboração foram fundamentais para o resultado final que aqui se 
apresenta. 
 
Gostaria ainda de agradecer de forma particular ao Professor Aníbal Costa e 
ao Professor António Arêde pelo contributo essencial que deram para a 
realização deste trabalho. Finalmente, o meu agradecimento aos técnicos do 
Laboratório de Engenharia Sísmica e Estrutural (LESE) da Faculdade de 
Engenharia da Universidade do Porto, ao Sr. Valdemar Luis e ao André 
Martins, incansáveis no apoio prestado durante campanhas experimentais 
realizadas, e aos colegas que colaboraram no tratamento de alguns dos 
resultados aqui apresentados, nomeadamente à Doutora Celeste Almeida, ao 
Eng.º Fábio Garcia, à Eng.ª Ana Gomes e ao Eng.º Rui Maio.  
 
Um agradecimento especial à minha família, pela oportunidade, pelo incentivo 
e pelo apoio diário.  
 
Muito obrigado.     	  
 
 

 
  
 
 
 
 
 
 
 
 
 
 
  
palavras-chave 
 
alvenaria pedra, desempenho sísmico para fora do plano, ensaios in situ, 
ensaios em laboratório, modelo anlítico de quatro ramos, vulnerabilidade 
sísmica. 
 
resumo 
 
 
Esta tese de doutoramento foca-se na caraterização do desempenho sísmico 
para fora do plano de paredes de alvenaria de pedra, através do 
desenvolvimento de uma nova metodologia baseada na fragilidade destes 
elementos, assente em observação experimental, formulação analítica e 
observação de danos pós-sismo. De forma a atingir este objetivo, definem e 
discutem-se neste documento dois grupos distintos de objetivos em função da 
génese experimental ou analítica dos trabalhos. Assim, no primeiro capítulo 
apresenta-se uma breve introdução ao tópico principal do trabalho e discutem-
se objetivos gerais e específicos a atingir em cada uma das tarefas definidas. 
O Capítulo 2 apresenta um estado de arte exaustivo, onde as principais 
metodologias propostas na bibliografia para avaliar o comportamento sísmico 
de estruturas de alvenaria de pedra não reforçada, são apresentadas e 
discutidas. A parte experimental deste trabalho inicia-se no capítulo terceiro, 
com a apresentação de uma campanha experimental in situ conduzida num 
edifício existente, localizado na ilha do Faial, Açores, e onde foram ensaiadas 
três paredes de alvenaria com condições de reforço distintas. O Capítulo 4 
descreve um trabalho experimental conduzido em ambiente laboratorial, com o 
objetivo de caracterizar o comportamento para fora do plano de nembos de 
parede. No âmbito desta campanha experimental, construíram-se e testaram-
se seis nembos de parede em alvenaria de pedra regular não reforçada, com 
recurso a duas técnicas de ensaio distintas. Entrando no parte analítica do 
trabalho, o Capítulo 5 apresenta uma metodologia analítica capaz de descrever 
de forma simplificada a resposta sísmica para fora do plano de paredes de 
alvenaria de pedra regular, através de uma relação de momento fletor-rotação. 
O Capítulo 6 é dedicado à calibração de uma metodologia de avaliação da 
vulnerabilidade sísmica, com base em resultados de fragilidade obtidos através 
de estados limite de dano definidos através da metodologia analítica proposta 
no Capítulo 5. Finalmente, no sétimo capítulo apresenta-se a síntese geral do 
trabalho desenvolvido, discutem-se os principais resultados e conclusões 
obtidas e desvendam-se algumas linhas de investigação futura.  
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abstract 
 
This PhD thesis is focused on the characterisation of the out-of-plane seismic 
performance of stone masonry walls, where the development of an innovative 
fragility-based approach, founded on solid experimental outputs, analytical 
formulation and post-earthquake damage observation, was outlined as main 
objective. In order to achieve it, two groups of specific objectives were 
distinguished in function of the genesis of the work, and are discussed 
throughout the seven chapters that compose this document. The first chapter 
presents a brief introduction to the main topic of the work, the description of the 
general and specific objectives to be achieved and each one of the tasks 
performed to fulfil them. Chapter 2 presents a compact state-of-art review 
wherein the principal methodologies proposed to assess the out-of-plane 
behaviour of unreinforced masonry structures are presented and discussed. 
The experimental part of this research begins in the third chapter, where an in 
situ experimental campaign, performed on three masonry wall piers of an 
existing building, is presented. Chapter 4 aims at describing an experimental 
program conducted in laboratory environment to characterise the out-of-plane 
behaviour of unreinforced masonry piers. In the scope of this experimental 
campaign, six full-scale unreinforced regular stone masonry walls were tested 
resorting to two different loading techniques. Getting into the analytical part of 
the work, Chapter 5 presents a simplified analytical approach for the description 
of the out-of-plane seismic performance of unreinforced regular stone masonry 
wall, from an overturning moment-rotation relationship and Chapter 6 is 
focused on the calibration of a seismic vulnerability method, on the basis of 
fragility results constructed from damage limit-states obtained resorting to the 
analytical approach proposed in the fifth chapter. Finally, an overall synopsis of 
the work, the most relevant results and conclusions achieved and some future 
research lines are presented and discussed in Chapter 7.  
   
  
  
  
      
 
 
.
It takes an earthquake to remind us that we walk
on the crust of an unfinished planet
Charles Kuralt
.
TABLE OF CONTENTS
Table of Contents i
List of Figures v
List of Tables ix
List of Symbols xi
Chapter 1 Introduction 1
1.1 Background and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives and research programme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Outline and organisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 List of publication subjacent to this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Chapter 2 Literature review on the analysis of the out-of-plane behaviour of URM 7
In press in International Journal of Architectural Heritage 2014, doi: 10.1080/15583058.2014.885996.
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Review on the methodologies for the out-of-plane behaviour assessment . . . . . . . . . . 9
2.2.1 Force-based formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Displacement-based formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.2.1 Flexural-based single-degree-of-freedom (SDoF) approaches . . . . . . . . 12
2.2.2.2 Rigid body-based single-degree-of-freedom (SDoF) approaches . . . . . . 14
2.2.2.3 Rigid body-based multi-degree-of-freedom (MDoF) approaches . . . . . . 17
2.3 Numerical approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.1 Finite element method-based approaches . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.1.1 Micro-modelling strategy: material discretization . . . . . . . . . . . . . . 20
2.3.1.2 Meso-modelling strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.1.3 Macro-modelling strategy: material homogenization . . . . . . . . . . . . 21
2.3.2 Discrete element method-based approaches . . . . . . . . . . . . . . . . . . . . . . 23
2.3.3 Multibody dynamics-based approaches . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4 Experimental works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.1 Laboratory tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.2 In situ tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.5 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
i
Table of Contents
PART A Experimental work 33
Chapter 3 Out-of-plane cyclic response of traditional stone masonry walls under dif-
ferent strengthening conditions 35
Submitted to Journal of Earthquake Engineering, Manuscript ID:UEQE-2014-1865
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Brief literature review on the out-of-plane testing of masonry structures . . . . . . . . . . 36
3.3 Overall characterisation of the traditional Azorean constructions . . . . . . . . . . . . . . 37
3.4 In situ experimental campaign . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.1 Structure and tested panels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.2 General overview and description of the testing scheme . . . . . . . . . . . . . . . 39
3.4.3 Strengthening and retrofitting techniques . . . . . . . . . . . . . . . . . . . . . . . 41
3.5 Results and data interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.5.1 Bidirectional test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.5.1.1 Experimental evidences . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.5.1.2 Energy dissipation capacity . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5.2 Unidirectional tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.2.1 Experimental evidences . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.2.2 Energy dissipation capacity . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5.2.3 Analysis of the frequencies decay . . . . . . . . . . . . . . . . . . . . . . . 48
3.5.2.4 Overall comparison of efficiencies . . . . . . . . . . . . . . . . . . . . . . . 50
3.6 Brief discussion on the adequacy of the used experimental techniques . . . . . . . . . . . . 51
3.7 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Chapter 4 Laboratory characterisation of the out-of-plane performance of regular stone
masonry walls 53
Submitted to Bulletin of Earthquake Engineering, Manuscript ID: BEEE-S-14-00414
4.1 Introduction and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2 Characterisation of the masonry specimens . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2.1 Walls construction and geometric characterisation . . . . . . . . . . . . . . . . . . 55
4.2.2 Material properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2.3 Modal identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3 Test programme and loading procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4 Results and data interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.4.1 Experimental evidences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.4.2 Influence of the vertical pre-compression on the peak and post-peak capacity . . . 65
4.4.3 Energy dissipation capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4.4 Analysis of frequencies decay during the tests . . . . . . . . . . . . . . . . . . . . . 67
4.4.5 Cracking patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.5 Analytical study of the experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.6 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
ii
Out-of-plane seismic performance of stone masonry walls: Experimental and analytical assessment
PART B Analytical work 73
Chapter 5 A simplified model for the analytical study of the out-of-plane performance
of regular stone URM walls 75
Published in Engineering Structures Jan 2015, 83: 140-153, doi: 10.1016/j.engstruct.2014.10.048.
5.1 Introduction and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 SDoF approaches for the analysis of the out-of-plane response of walls . . . . . . . . . . . 76
5.2.1 Flexural-based approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.2.2 Rigid body-based approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3 Construction of the four-branch overturning moment-rotation model . . . . . . . . . . . . 78
5.3.1 Definition of the elastic branch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.3.2 Definition of the post-cracking branch . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.3.3 Definition of the overturning decay branch and the nonlinear plateau . . . . . . . . 81
5.4 Calibration of parameters ξk and ξs based on experimental data . . . . . . . . . . . . . . 82
5.4.1 Calibration of parameters ξk and ξs . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.4.2 Parametric analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.5 Discussion of the results and data interpretation . . . . . . . . . . . . . . . . . . . . . . . 87
5.5.1 Application of the four-branch model . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.5.2 Definition of limit states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.6 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Chapter 6 Seismic vulnerability of masonry fac¸ade walls: Calibration using fragility-
based results and observed damage 93
6.1 Introduction and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.2 Literature review on empirical seismic vulnerability assessment methods . . . . . . . . . . 95
6.2.1 Typological techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.2.2 Indirect techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.2.3 Conventional techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.2.4 Hybrid techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.3 Seismic vulnerability assessment of masonry fac¸ade walls . . . . . . . . . . . . . . . . . . . 98
6.3.1 The original vulnerability index formulation . . . . . . . . . . . . . . . . . . . . . . 98
6.3.2 Damage distribution and scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.4 Calibration of the original vulnerability index formulation . . . . . . . . . . . . . . . . . . 100
6.4.1 Calibration with fragility-based results . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.4.2 Calibration from observed damage . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.4.2.1 Application of the methodology to real buildings . . . . . . . . . . . . . . 106
6.4.3 Calibration of the evaluation parameters . . . . . . . . . . . . . . . . . . . . . . . . 107
6.5 Proposal for the inclusion of three new assessment parameters . . . . . . . . . . . . . . . . 110
6.5.1 Definition of the new assessment parameters . . . . . . . . . . . . . . . . . . . . . 110
6.5.1.1 Parameter P5: Interaction between adjacent fac¸ade walls . . . . . . . . . 110
6.5.1.2 Parameter P8: Replacement of original flooring system . . . . . . . . . . 111
6.5.1.3 Parameter P13: Improving elements . . . . . . . . . . . . . . . . . . . . . 112
6.5.2 Definition of the new assessment parameters’ weights . . . . . . . . . . . . . . . . . 112
6.6 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
iii
Table of Contents
Chapter 7 Conclusions and future developments 117
7.1 General description of the work developed . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.2 Summary of the main conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.2.1 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.2.2 Field experimental tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.2.3 Laboratory experimental tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
7.2.4 Development of an analytical procedure . . . . . . . . . . . . . . . . . . . . . . . . 119
7.2.5 Calibration of vulnerability index method . . . . . . . . . . . . . . . . . . . . . . . 120
7.3 Future developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Bibliography 123
iv
LIST OF FIGURES
Chapter 1 Introduction 1
Figure 1.1: Stone masonry buildings damaged after the 2009 L’Aquila earthquake . . . . . . . 1
Figure 1.2: Sequential relationship between tasks . . . . . . . . . . . . . . . . . . . . . . . . . 3
Chapter 2 Literature review on the analysis of the out-of-plane behaviour of URM 7
Figure 2.1: Rondelet’s collapse mechanisms of masonry walls under out-of-plane action . . . . 8
Figure 2.2: Techniques for assessing the out-of-plane behaviour of URM structures . . . . . . . 9
Figure 2.3: Stevin’s drawing of force equilibrium of hanging weights on a string and Varignon’s
illustration of a graphical analysis of a funicular shape . . . . . . . . . . . . . . . . 10
Figure 2.4: Examples of out-of-plane mechanisms in unreinforced buildings . . . . . . . . . . . 11
Figure 2.5: Trilinear simplified force-displacement model . . . . . . . . . . . . . . . . . . . . . 13
Figure 2.6: Housner’s rocking block (a) and comparison between Housner’s theory and experi-
ment for Priestley’s model (b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Figure 2.7: True displacement of a linear viscously damped oscillator (a) and rotation of a rigid
slender block subjected to data motion from the 1971 S. Fernando Earthquake (b) 16
Figure 2.8: Fac¸ade wall resting on a tilted foundation . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 2.9: Classification of rocking patterns for a system of two stacked rigid blocks with
respect to the angles of rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 2.10: Wall in out-of-plane bending: (a) 2DOF model presented by Gabelliri et al.; and
(b) wall subjected to post-cracking displacements . . . . . . . . . . . . . . . . . . . 18
Figure 2.11: Modelling strategies for masonry structures . . . . . . . . . . . . . . . . . . . . . . 19
Figure 2.12: 3D mesoscale modelling for masonry solid elements and 2D non-linear interfaces . 21
Figure 2.13: Finite-element results obtained from a commercial code . . . . . . . . . . . . . . . 23
Figure 2.14: Dynamic analysis of an aqueduct: (a) Transverse loading for seismic action Type
1; and (b) out-of -plane failure mode . . . . . . . . . . . . . . . . . . . . . . . . . . 24
Figure 2.15: Wire-frame model of an irregular stone masonry wall (a) and collapse mechanism
of a two-storey house (b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Figure 2.16: Multibody dynamics-based approach . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Figure 2.17: Airbag loading arrangement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
v
List of Figures
Figure 2.18: Test setup adopted by Al Shawa et al. in the out-of-plane tests . . . . . . . . . . . 29
Figure 2.19: Loading apparatus adopted by A. Costa on the experimental tests . . . . . . . . . 30
Chapter 3 Out-of-plane cyclic response of traditional stone masonry walls under dif-
ferent strengthening conditions 35
Figure 3.1: Examples of one and two-storey traditional rural Azorean buildings and example
of a typical irregular sacco stone masonry wall . . . . . . . . . . . . . . . . . . . . 37
Figure 3.2: Building Casa Nova . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Figure 3.3: In situ apparatus and implemented testing schemes . . . . . . . . . . . . . . . . . 40
Figure 3.4: Displacement histories used in the quasi-static tests . . . . . . . . . . . . . . . . . 40
Figure 3.5: Monitoring scheme used in the bidirectional and in the unidirectional tests . . . . 41
Figure 3.6: Wall strengthened with reinforced steel mesh . . . . . . . . . . . . . . . . . . . . . 42
Figure 3.7: Force resultants acting on the wall . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Figure 3.8: Bidirectional test: overturning moment versus rotation results . . . . . . . . . . . 43
Figure 3.9: Post-test unidirectional reload: overturning moment versus rotation results . . . . 44
Figure 3.10: Height wise horizontal displacement profiles of wall CN-03 . . . . . . . . . . . . . . 45
Figure 3.11: Energy dissipation capacity of wall CN-03 . . . . . . . . . . . . . . . . . . . . . . . 45
Figure 3.12: Evolution of the equivalent hysteretic damping during the bidirectional test . . . . 46
Figure 3.13: Unidirectional tests: overturning moment versus rotation . . . . . . . . . . . . . . 46
Figure 3.14: Height wise horizontal displacement profiles of panels CN-04, CN-03R and CN-02S 47
Figure 3.15: Energy dissipation capacity of panels CN-04, CN-03R and CN-02S . . . . . . . . . 48
Figure 3.16: Evolution of the equivalent hysteretic damping during the unidirectional tests . . . 48
Figure 3.17: Location of the accelerometer at the top of the wall (a) and excitation scheme
adopted (b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Figure 3.18: Improvement ratios obtained with the strengthened walls compared to the unrein-
forced one (CN-04) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Figure 3.19: Confrontation between the results obtained from the bidirectional and unidirec-
tional tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Chapter 4 Laboratory characterisation of the out-of-plane performance of regular stone
masonry walls 53
Figure 4.1: Construction and preparation of the masonry walls . . . . . . . . . . . . . . . . . . 55
Figure 4.2: Geometrical survey of the six masonry walls . . . . . . . . . . . . . . . . . . . . . . 56
Figure 4.3: Mortar specimens under flexural and compression test . . . . . . . . . . . . . . . . 57
Figure 4.4: Location of the five accelerometers and mesh used in modal identification . . . . . 58
Figure 4.5: Cantilever walls: experimental apparatus, fundamental vibration mode shapes and
equivalent structural scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Figure 4.6: Pinned-pinned walls: experimental apparatus, fundamental vibration mode shapes
and equivalent structural scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Figure 4.7: Wall 1: identification of spectral peaks . . . . . . . . . . . . . . . . . . . . . . . . . 59
Figure 4.8: Lateral view of the test setups with the application of a vertical pre-compression
force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Figure 4.9: Loading histories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Figure 4.10: Monitoring scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
vi
Out-of-plane seismic performance of stone masonry walls: Experimental and analytical assessment
Figure 4.11: Force resultants acting on the wall, including the horizontal component of the force
exerted by the actuator and P-∆ effects . . . . . . . . . . . . . . . . . . . . . . . . 62
Figure 4.12: Hysteric overturning moment versus rotation curves . . . . . . . . . . . . . . . . . 63
Figure 4.13: Hysteric overturning moment versus rotation envelopes . . . . . . . . . . . . . . . 63
Figure 4.14: Height wise horizontal displacement profiles . . . . . . . . . . . . . . . . . . . . . . 64
Figure 4.15: Comparison between height wise horizontal displacement profiles obtained . . . . . 65
Figure 4.16: Energy dissipation capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
Figure 4.17: Displacements on the transversal section of the walls . . . . . . . . . . . . . . . . . 66
Figure 4.18: Rotation versus equivalent hysteretic damping . . . . . . . . . . . . . . . . . . . . 67
Figure 4.19: Energy dissipation capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Figure 4.20: Cracking patterns observed at the end of the out-of-plane tests . . . . . . . . . . . 69
Figure 4.21: Horizontal crack with relative interleaf displacement (from OP PF2) . . . . . . . . 69
Figure 4.22: Simplified analytical model considered for the analysis . . . . . . . . . . . . . . . . 70
Figure 4.23: Correlations found between Kini and Keff and between M0 and Mmax . . . . . . 70
Figure 4.24: Definition of the overturning moment-rotation bilinear spines . . . . . . . . . . . . 71
Chapter 5 A simplified four-branch model for the analytical study of the out-of-plane
performance of regular stone URM walls 75
Figure 5.1: Tri-linear simplified force-displacement model . . . . . . . . . . . . . . . . . . . . . 77
Figure 5.2: Analytical idealisation of the out-of-plane response of unreinforced masonry walls
through a four-branch model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Figure 5.3: Simplified analytical model: geometric parameters and acting loads . . . . . . . . . 80
Figure 5.4: Rigid-body static overturning moment-rotation relationship of free-standing walls . 81
Figure 5.5: Two possible configurations of the four-branch model: (a) regular configuration;
and (b) trilinear configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
Figure 5.6: Experimental overturning moment-rotation hysteretic curves and envelopes . . . . 83
Figure 5.7: Four-branch models obtained from the application of the methodology over the
experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Figure 5.8: Decrease in out-of-plane strength capacity with decreasing number of headers . . . 84
Figure 5.9: Relationship between the out-of-plane strength capacity of the wall sections and:
(a) average size of the stones; and (b) indenting index . . . . . . . . . . . . . . . . 85
Figure 5.10: Influence of parameters ξk and ξs in ratio θcr/θy . . . . . . . . . . . . . . . . . . . 86
Figure 5.11: Influence of parameters ξk and ξs in ratio θy/θu . . . . . . . . . . . . . . . . . . . . 86
Figure 5.12: Effect of the variation of parameters ξk and ξs on ratio θy/θl . . . . . . . . . . . . 87
Figure 5.13: Four-branch idealisation over the experimental envelopes for a pre-compression
force of 0 kN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Figure 5.14: Four-branch idealisation over the experimental envelopes for a pre-compression
force of 52 kN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Figure 5.15: Four-branch idealisation over the experimental envelopes for a pre-compression
force of 140 kN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Figure 5.16: Relation between the ratios θcr/θu and θy/θu and the overburden conditions . . . 89
Figure 5.17: Graphical comparison between the four-branch model and the trilinear models pro-
posed in the literature for regular brick masonry walls with no axial compression . 90
vii
List of Figures
Figure 5.18: Definition of limit states on the four-branch curves obtained from different over-
burden ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Chapter 6 Seismic vulnerability of masonry fac¸ade walls: Calibration using fragility-
based results and observed damage 93
Figure 6.1: Analytical techniques used at different evaluation scales . . . . . . . . . . . . . . . 94
Figure 6.2: Example of a correlation function between vulnerability, damage and acceleration . 96
Figure 6.3: Fragility curves for generic URM cantilever walls . . . . . . . . . . . . . . . . . . . 101
Figure 6.4: Transformation of fragility curves into discrete vulnerability values . . . . . . . . . 102
Figure 6.5: Calibration of Parameters P2, P7, P8 and P9 from fragility-based results . . . . . 102
Figure 6.6: MMI scale intensity map of Faial island . . . . . . . . . . . . . . . . . . . . . . . . 103
Figure 6.7: Severe destruction in Faial island after the 1998 Azores earthquake . . . . . . . . . 104
Figure 6.8: Example of a report used for supporting the vulnerability index assessment . . . . 105
Figure 6.9: Vulnerability index distributions and influence of each class on the Ivf values . . . 106
Figure 6.10: Results achieved through the application of the original method . . . . . . . . . . 107
Figure 6.11: Achieved values for the squared sum of residual values resulting from the application
of the original and 10-Parameter calibrated methods for each intensity IEMS−98 . 109
Figure 6.12: Global comparison between the original and the 10-Parameter calibrated results . 109
Figure 6.13: Histograms and best-fit normal distribution comparison between the original and
10-Parameter calibrated methods for each intensity, IEMS−98 . . . . . . . . . . . . 110
Figure 6.14: Damages caused by the interaction between adjacent buildings . . . . . . . . . . . 111
Figure 6.15: Vulnerability classes, Cvi, for parameter P5 . . . . . . . . . . . . . . . . . . . . . . 111
Figure 6.16: Out-of-plane collapse due to horizontal thrust and poor connection . . . . . . . . . 111
Figure 6.17: Examples of the presence of some of the improving elements that should be taken
into account on the vulnerability assessment . . . . . . . . . . . . . . . . . . . . . . 112
Figure 6.18: Results of the application of the calibrated and the extended version of Ivf . . . . 114
Figure 6.19: Comparison between histograms relative to the normal distribution of Ivf resulting
from the application of the 10-Parameter and 13-Parameter version of the method 114
viii
LIST OF TABLES
Chapter 3 Out-of-plane cyclic response of traditional stone masonry walls under dif-
ferent strengthening conditions 35
Table 3.1: Test sequence, setup and wall condition . . . . . . . . . . . . . . . . . . . . . . . . 42
Table 3.2: Summary of the results obtained from the bidirectional test . . . . . . . . . . . . . 44
Table 3.3: Summary of the results obtained from the unidirectional tests . . . . . . . . . . . . 47
Table 3.4: Frequency and Elastic Modulus decay after the out-of-plane tests . . . . . . . . . . 49
Table 3.5: Strengthening efficiency evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
Chapter 4 Laboratory characterisation of the out-of-plane performance of regular stone
masonry walls 53
Table 4.1: Characterisation of the sections taking into account the presence of headers . . . . 56
Table 4.2: Fundamental frequencies and Elastic Modulus values obtained for the transversal
direction (yy) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Table 4.3: Overburden conditions used in the out-of-plane tests . . . . . . . . . . . . . . . . . 61
Table 4.4: Summary of the experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . 64
Table 4.5: Frequencies decay over the out-of-plane tests . . . . . . . . . . . . . . . . . . . . . 68
Table 4.6: Confrontation between the experimental results and the analytical predictions . . 70
Table 4.7: Definition of ratios Mexp0 /M0 and ∆f/t . . . . . . . . . . . . . . . . . . . . . . . . 71
Chapter 5 A simplified four-branch model for the analytical study of the out-of-plane
performance of regular stone URM walls 75
Table 5.1: Experimental ranges of parameters ξk and ξs for regular sacco stone masonry walls 83
Table 5.2: Reference walls for the parametric analysis . . . . . . . . . . . . . . . . . . . . . . 85
Table 5.3: Comparison between experimental and analytical results for effective stiffness . . . 89
Table 5.4: Resultant rotation ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Table 5.5: Comparison between different proposes for trilinear parameters ∆i/∆f and the
limit rotation ratios θy/θu and θl/θu . . . . . . . . . . . . . . . . . . . . . . . . . . 90
Table 5.6: Rotation ratios and corresponding limit states . . . . . . . . . . . . . . . . . . . . 90
ix
List of Tables
Chapter 6 Seismic vulnerability of masonry fac¸ade walls: Calibration using fragility-
based results and observed damage 93
Table 6.1: Format of the Damage Probability Matrix (DPM) developed by Whitman et al. . 96
Table 6.2: Central damage factors computed for each damage state . . . . . . . . . . . . . . . 97
Table 6.3: Vulnerability index associated parameters classes and weights . . . . . . . . . . . . 98
Table 6.4: Damage grades adopted for masonry fac¸ade walls . . . . . . . . . . . . . . . . . . . 100
Table 6.5: Vulnerability classes, Cvi, for parameter P2: Wall slenderness . . . . . . . . . . . . 102
Table 6.6: Classification and distribution of the assessed buildings . . . . . . . . . . . . . . . 105
Table 6.7: Vulnerability index associated parameters classes and new calibrated weights, pi . 108
Table 6.8: Vulnerability classes, Cvi, for parameter P8: Replacement of original flooring system112
Table 6.9: Vulnerability classes, Cvi, definition for parameter P13: Improving elements . . . . 112
Table 6.10: Vulnerability index associated parameters, classes Cvi and weights pi of the new
13-Parameters proposal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
x
LIST OF SYMBOLS
αi Collapse load multiplier
m¯ Mass per meter long
∆N Eccentricity of the vertical pre-compression load
γ Mass density
λ Collapse multiplier
λc Load factor
µD Mean damage grade
ω Angular frequency
ψ Overburden ratio
Ψn Limit lateral rotation
σbase Base stress
σIvf Standard deviation associated to the vulnerability index distribution
θ Rotational amplitude
θ0 Initial rotational amplitude
θcr Cracking rotation
θl Limit rotation
θu Ultimate rotation
θy Yielding rotation
ξ Damping
ξeq Equivalent hysteretic damping
a Lateral acceleration
xi
List of Symbols
Ah Area inside the hysteretic loop
Cvi Vulnerability class
dm Maximum displacement achieved in the hysteretic loop
dmax Maximum displacement
E Elastic modulus (in Chapters 3, 4 and 5) or Exposure (in Chapter 6)
Ecb Elastic Modulus of the stone unit
f Fundamental frequency
Fm Maximum force in the hysteretic loop
F0 Resistant force
fcb Compressive strength of the stone unit
Fmax Maximum force
ftb Tensile strength of the stone unit
g Gravitational acceleration
h Total height of the wall
Hi Hazard associated to a seismic activity with intensity i
I Cross-sectional moment of inertia (in Chapters 3, 4 and 5) or Seismic intensity (in Chapter 6)
Ivf Seismic vulnerability index of the fac¸ade wall
K0 Tangent stiffness of a free-standing wall
Keff Effective stiffness
Keqeff Equivalent effective stiffness
Kel Elastic stiffness
Kini Initial stiffness
M Overturning moment
m Mass
M0 Static overturning moment
Mcr Cracking moment
meff Effective mass
Mmax Maximum overturning moment
Mu Overturning moment at the maximum experimentally imposed rotation (or displacement)
N Vertical pre-compression force
xii
Out-of-plane seismic performance of stone masonry walls: Experimental and analytical assessment
pi Parameter weight
Q Ductility factor
r Coefficient of restitution
Rie Risk associated to an exposed element e as a consequence of a seismic event of intensity i
s Vertical distance among headers
t Wall thickness
V Vulnerability index
Ve Vulnerability of an element e
N Pre-compression axial force
xiii

CHAPTER 1
INTRODUCTION
Abstract This introductory chapter presents the background and motivations that served as basis for this
research, pointing out the issues to be addressed in this thesis and highlighting the main opportunities associated
to its development. Moreover, the general and specific objectives of this research programme are discussed and
the chapter is closed with the presentation of the outline and organisation of this document.
Chapter outline
1.1 Background and motivation
1.2 Objectives and research programme
1.3 Outline and organisation
1.4 List of publication subjacent to this thesis
1.1 Background and motivation
Stone masonry is one of the first constructive techniques known, being strongly present in some of
the highest seismic hazard zones all over the globe. Despite the remarkable longevity of many of the
buildings erected with such technique, the truth is that the great majority of this built heritage lacks of
adequate seismic resistance, requiring therefore urgent retrofitting interventions in order to both reduce
their seismic vulnerability and to cope with the increased seismic requirements of recent European code
standards [1].
As pointed out by A.A. Costa [2], structural reasons for the bad behaviour of masonry constructions
during earthquakes are mainly due to its heterogeneity, anisotropic behaviour, negligible tensile strength
and poor shear behaviour, which are further aggravated with the decreasing quality of masonry material
and its assemblage. The presence of flexible diaphragms and the lack of proper connections between walls
and diaphragms and perpendicular walls are common structural fragility of existing masonry buildings,
which tend to exhibit local out-of-plane responses rather than a global behaviour governed by the in-plane
wall capacity. In addition, the presence of multiple leaves strongly influences the behaviour, where the
main problem is due to the non-monolithic response and to the disaggregation of leaves, as frequently
observed in post-earthquake surveys. Figure 1.1 depicts some examples of damage on traditional stone
masonry buildings, recorded after the magnitude 6.3 earthquake that struck L’Aquila city centre (central
Italy) on the 6th of April 2009.
Figure 1.1: Stone masonry buildings damaged after the 2009 L’Aquila earthquake
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As already noted, among all the vulnerability issues associated with the seismic response of traditional
stone masonry buildings, the out-of-plane is undoubtedly the most important and complex. Such fact is
recognised amongst the research community and has been convincingly demonstrated in recently occurred
earthquakes. Nonetheless, perhaps due to its complexity, this is still one of the most attractive research
areas on the seismic assessment of existing buildings.
In order to face these problems, the Portuguese Parliament approved in 2010 a resolution for the
adoption of a series of measures to reduce seismic risk [3], namely promoting research in this scope and
encouraging a national strategy plan to reduce vulnerability at a global level. Among the various rec-
ommendations made, it is referred the encouragement of scientific research in the fields of earthquake
prevention, earthquake engineering and seismology. It is also stated that the development of methodolo-
gies able to evaluate the seismic response of existing buildings as well as the socio-economic consequences
of large-scale seismic events is imperative. In this sense, it is worth noting that other seismic prone coun-
tries have accumulated experiences with very interesting and positive results on the economical, social
and cultural level from investments made in this field. For example, the United States government cre-
ated in the 70’s the National Earthquake Hazards Reduction Programme (NEHRP), financing research
on seismology and earthquake engineering. No doubt, their national programmes in risk reduction and
civil protection, which are reflected in a strong education policy for earthquake safety, have contributed in
a decisive way to save lives and to minimise exposure in last earthquakes. Regarding Portugal, historical
earthquake reports, knowledge on seismic hazard and a great number of masonry buildings without earth-
quake resistant design clearly indicate that part of the Portuguese population is exposed to a considerable
seismic hazard, namely in the southern part of mainland Portugal and in the Azores islands.
Like other places of high seismic risk, the Azores archipelago presents a commitment between the
preservation of architectural heritage, essential to cultural activity of modern societies, and mitigation
of earthquake induced losses. The archipelago is characterised by buildings of traditional architecture
from the XVIII and XIX centuries and such single architecture provides a simplicity based on the use
of masonry and wood marked by its characteristic features. However, the construction process using
traditional constructive practice is nowadays in decline, mostly being replaced by reinforced concrete
buildings. Moreover, the lack of maintenance of traditional buildings have contributed to their gradual
degradation and to their consequent abandon. Difficulties in finding technical solutions that can fulfil
functional compatibility and structural requirements, respecting simultaneously the original identity of
the construction, have also contributed to the widespread of incorrect structural interventions, with
very negative consequences both on the seismic vulnerability and on the architectural value of built
heritage. According to the exposed, it is very clear that the Azores archipelago, and particularly the
Faial Island, where a high number of traditional stone masonry buildings were abandoned after the 1998
Azores earthquake, is unique and of great potential for this research field. Furthermore, it should be also
referred that even though their particular features, the traditional masonry buildings of Azores could be
considered representative of the traditional south Mediterranean stone masonry constructions, enabling
the extrapolation of the results obtained from their analysis.
1.2 Objectives and research programme
Bearing in mind the set of opportunities identified in the previous section, the main objective of this
PhD work is to deeply understand and characterise the out-of-plane seismic performance of traditional
stone masonry walls, through an innovative fragility-based procedure, founded on a solid experimental
work which constituted the basis for the development and calibration of an mechanical-based analytical
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formulation. Moreover, such fragility-based procedure is used to recalibrate a pre-existing seismic vulner-
ability methodology proposed by Ferreira et al. [4] to assess the seismic vulnerability of masonry fac¸ade
walls. In order to accomplish this objective, a total of five distinct yet correlated tasks, organised in two
major parts, were completed. Figure 1.2 outlines the sequence and the relationship between those tasks.
Task 1: Literature review
Chapter 2
Part A
Experimental work
Task 2: Field experimental tests Part B
Chapter 3 Analytical work
Task 3: Laboratory experimental tests Task 4: Development of an analytical procedure
Chapter 4 Chapter 5
Task 5: Calibration of a vulnerability index method
Chapter 6
Figure 1.2: Sequential relationship between tasks
As shown in Figure 1.2, the literature review carried out in Task 1 is transversal to the entire work.
Both the experimental work discussed in Part A and the analytical work presented in Part B were devel-
oped on the basis of the analysis of the most relevant proposals identified and discussed in this preliminary
task. The specific objectives associated to each one of the five tasks identified above are briefly described
in the following paragraphs.
Task 1: Literature review
This first task aimed at providing a general overview on the most important methodologies proposed to
date on the issue of the out-of-plane response of unreinforced masonry buildings. This extensive state-
of-art included both the study of different analytical and numerical-based approaches and the analysis of
the most relevant experimental campaigns performed in order to reproduce the phenomena. As already
stated, this task was of key importance for the development of subsequent tasks, since the selection of
the experimental techniques and the analytical approach selected were carried out in function of the
opportunities and uncertainties identified in the literature. Thus, the specific objective of this first task
was a critical analysis of the most important work published in this field, in order to establish the current
state of knowledge and to identify the most appropriate experimental and analytical assessment methods
to be used as a starting point for the development of the subsequent tasks.
Task 2: Field experimental tests
Task 2 was one of the most important tasks of this research programme concerning innovation and
contribution to the enhancement of the scientific knowledge. The main specific objective of this task
consisted on the implementation of a testing setup able to be used on the in situ out-of-plane testing of
real traditional stone masonry walls. Thus, an experimental in situ campaign was carried out in Faial,
Azores, in the scope of which a set of traditional stone masonry elements (walls) were characterised under
quasi-static cyclic loading. The most interesting feature of the implemented testing scheme is the use of
the action/reaction principle, from which two parallel walls will react one against the other, creating a
self-equilibrated system with no need of a external reaction structure. Additionally, the use of airbags
to distribute the lateral load, instead of a concentrated load imposed at the top, allowed a more realistic
reproduction of seismic action.
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Task 3: Laboratory experimental tests
The main objective of the third task was to study the out-of-plane behaviour of full-scale unreinforced
masonry piers in a controlled laboratory environment. For this purpose, six similar full-scale unrein-
forced regular stone masonry walls were constructed by craftsmen masons and tested at the Laboratory
for Earthquake and Structural Engineering (LESE) of the Faculty of Engineering of the University of
Porto, resorting to two different test setups and comprising three distinct pre-compression states. The
first test setup consisted of the application of a surface load using an airbag system, similar to that used
in the in situ campaign carried out in task 2. The second consisted of the application of an horizontal
line load, resorting an hydraulic actuator placed at the top of the specimen. The use of two different test
setups allowed, not only the direct comparison of the results obtained from each one of the setups, but
also, the validation of such setups for the out-of-plane testing of this type of masonry walls.
Task 4: Development of an analytical procedure
The main objective of Task 4 was the development of a simplified analytical procedure, developed and
calibrated on the basis of the experimental results collected in the previous tasks (Task 3 and Task
4). Thus, this task involved the development of a new simplified mechanical-based approach usable for
the study of the out-of-plane bending of unreinforced regular stone masonry walls (cantilevers). Such
approach is based on the construction of a linearised four-branch model that describes the linear and
nonlinear response of these structural elements by means of an overturning moment-rotation relation-
ship. Following the assumptions laid, the meaningful parameters used for the construction of the model
were discussed and calibrated here on the basis of the experimental results obtained from the laboratory
campaign developed in task 3.
Task 5: Calibration of a scoring method
The main objective of this fifth task is the construction of a new set of fragility curves, defined on the
basis of four damage limit-states obtained resorting to the analytical procedure developed in Task 4,
which are then used on the calibration of a pre-established vulnerability assessment method [4]. The
weights associated to each one of the ten evaluation parameters that compose this scoring method are
discussed and redefined here and finally the results obtained from the calibration were validated from the
comparison with real damage data gathered after the 1998 Azores earthquake. It is important to note
that this approach represents a step forward on the way how this kind of vulnerability approaches have
been traditionally calibrated, particularly in Portugal where all national vulnerability studies performed
to date have been based on post-earthquake damage observation obtained from other countries, namely
from Italy [5], United States [6] and Turkey.
1.3 Outline and organisation
This PhD thesis is structured in seven chapters, each of which related with one of the specified task
described in Section 1.2.
The first chapter presents a brief introduction to the main topic of this PhD work, the description
of the general and specific objectives to be achieved through this research, and each one of the tasks
performed to fulfil them. This introductory chapter is closed with the outline and the organisation of
this document.
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Chapter 2 presents a general framework on the issue of the out-of-plane performance of unreinforced
masonry structures, starting off with a brief introduction to the topic, followed by a compact state-of-art
review wherein the principal methodologies proposed to assess the out-of-plane behaviour of unreinforced
masonry structures are presented and discussed. Different analytical approaches are addressed and com-
plemented with the presentation of existing numerical tools. Finally, the most relevant experimental
campaigns carried out in order to reproduce the phenomenon are reviewed and briefly discussed.
As schematised in Figure 1.1, the experimental part of this work (Part A) begins in Chapter 3,
where an in situ experimental campaign performed on three masonry wall piers of an existing building
is presented. An innovative experimental test setup, based on a self-equilibrated airbags’ system, was
used to characterise the out-of-plane behaviour of masonry piers under three distinct conditions: original,
retrofitted and strengthened. An overall and brief discussion concerning the new test setup, highlighting
its main advantages and shortcomings, is included in this chapter. In addition, the preliminary results
obtained in the experiments are presented and discussed, with particular focus on the effectiveness of the
retrofitting and/or strengthening solutions applied during the 1998 Azores reconstruction process.
Chapter 4 aims at describing an experimental programme conducted in laboratory environment to
characterise the out-of-plane behaviour of unreinforced masonry piers. In the scope of this experimen-
tal campaign, six full-scale unreinforced masonry walls were tested resorting to two different loading
techniques - three specimens were subjected to a face load using an airbag system and the remaining
three were subjected to an horizontal line load at the top - under three distinct vertical pre-compression
states. Based on the obtained results, the capacity of the wall specimens in terms of maximum strength,
maximum displacement and damage patterns, is critically discussed in this chapter.
Getting into the analytical part of the work (Part B), Chapter 5 presents a simplified analytical
approach for the description of the out-of-plane seismic performance of unreinforced regular stone masonry
wall, from an overturning moment-rotation relationship. The formulation and calibration of the model,
both based on the experimental results obtained in Chapter 4, are discussed in detail throughout this
chapter. In addition, the meaningful parameters used for its construction are critically analysed trough a
parametric analysis, aiming to evaluate those variation on the final configuration of the model is presented
and critically discussed. Finally, the model is applied to real unreinforced regular sacco stone masonry
walls and the results of such application are thoroughly analysed and the main conclusions obtained are
summarised.
Chapter 6 is focused on the calibration of a seismic vulnerability method for the assessment of ma-
sonry fac¸ade walls on the basis of fragility results constructed from damage limit-states obtained resorting
to the analytical approach proposed in Chapter 5. Moreover, such calibration is then confronted with
post-earthquake damage observation collected in the sequence of the 1998 Azores earthquake. This data
includes both a large collection of the damage inflicted to the stone masonry building stock and com-
prehensive macroseismic intensity scenarios, which are used for the calibration of the weights associated
to each of the ten parameters that compose the original formulation of the vulnerability method. The
results obtained from such calibration are presented and deeply discussed taking into account not only
the calibration itself, but also the reliability of the results that can be obtained from the application of
such kind of vulnerability methodologies. The chapter is closed with a proposal for the inclusion of three
new evaluation parameters.
Finally, an overall synopsis of the work and the most relevant results and conclusions achieved are
presented in Chapter 7. Possible future research directions are also suggested.
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CHAPTER 2
A LITERATURE REVIEW ON THE ANALYSIS OF THE OUT-OF-PLANE
SEISMIC BEHAVIOUR OF UNREINFORCED MASONRY
Analysis of the out-of-plane seismic behaviour of unreinforced masonry: A literature review. International Journal of
Architectural Heritage: Conservation, Analysis and Restoration 2014, doi: 10.1080/15583058.2014.885996 (in press).
Abstract This chapter presents a general framework on the issue of the out-of-plane performance of unreinforced
masonry structures starting off with a brief introduction to the topic, followed by a compact state of art wherein
the principal methodologies proposed to assess the out-of-plane behaviour of unreinforced masonry structures are
presented. Different analytical approaches are presented, namely force and displacement-based, complemented
with the presentation of existing numerical tools for the purpose presented above. Moreover, the most relevant
experimental campaigns carried out in order to reproduce the phenomenon are reviewed and briefly discussed.
Chapter outline
2.1 Introduction
2.2 Review on the methodologies for the out-of-plane behaviour assessment
2.2.1 Force-based formulations
2.2.2 Displacement-based formulations
2.2.2.1 Flexural-based single-degree-of-freedom (SDoF) approaches
2.2.2.2 Rigid body-based single-degree-of-freedom (SDoF) approaches
2.2.2.3 Rigid body-based multi-degree-of-freedom (MDoF) approaches
2.3 Numerical approaches
2.3.1 Finite element method-based approaches
2.3.1.1 Micro-modelling strategy: material discretization
2.3.1.2 Meso-modelling strategy
2.3.1.3 Macro-modelling strategy:material homogenization
2.3.2 Discrete element method-based approaches
2.3.3 Multibody dynamics-based approaches
2.4 Experimental works
2.4.1 Laboratory tests
2.4.2 In situ tests
2.5 Final remarks
2.1 Introduction
Under earthquake actions, the out-of-plane performance of masonry structures is the most vulnerable
issue if no adequate structural detailing or preventive devices are used. As a matter of fact, this is
a widely known and perceived evidence since Byzantine times [7] which was early stated in the 15th
century by Leonardo da Vinci. Since then, it has been suggested that improvements should be made
on connections between different leafs and tie rods should be inserted at intersection between vertical
elements as well as horizontal and vertical elements, to sustain out-of-plane motions [8,9]. Indeed, the low
strength/mass ratio of common masonry structures increases their vulnerability in out-of-plane direction
because inertia forces are not restrained due to reduced stiffness and strength of the masonry walls in that
direction. In addition, vulnerable overturning mechanisms are likely to form due to the kinetic energy
transmitted by the earthquake [2]. Figure 2.1 presents the Rondelet’s out-of-plane mechanisms, one of
the first sets of out-of-plane mechanisms that were reported in literature.
7
Chapter 2. Literature review on the analysis of the out-of-plane behaviour of URM
Figure 2.1: Rondelet’s collapse mechanisms of masonry walls under out-of-plane horizontal action (from [10])
However, if it is true that all modern codes for seismic design of new masonry buildings usually provide
dimensioning and detailing regulations that make out-of-plane failure almost improbable to occur even
under severe seismic load, the out-of-plane collapse of peripheral walls is the most recurrent damage
observed on post-earthquake surveys in existing old unreinforced masonry buildings (not designed in
conformity to any code but rather to a building’s “rules of art” [11]). Insufficiency of structural detailing
(e.g. absence of connecting ties, insufficiently rigid floor diaphragms, etc.) renders such building stock,
widespread in urban historical centres, highly vulnerable to out-of-plane failure even under low intensities
of ground motion [12]. Commonly, the out-of-plane collapse occurs at lower intensities than those required
to produce collapse or heavy damage for in-plane response of walls. Such fact, also well known among
the scientific community, has been convincingly demonstrated in last earthquakes damage surveys in
Italy [13,14], New Zealand [15,16] or Spain [17].
Nonetheless as is pointed out by Lourenc¸o [18], the assessment of historic unreinforced masonry
structures is still a complex task not only because limited resources are allocated to this study but
also, and most important, because experience and existing knowledge are inherent to the analysis of
historical structures. Among other aspects, the difficulty and the cost inherent to the characterisation
of the mechanical properties of the materials, the large variability of these properties, the unknown of
the construction sequence and the non-applicability of regulations and codes can be highlighted [18].
According to Menon and Magenes [11], the seismic behaviour of an unreinforced masonry structure can
be gauged by the following simple but critical features:
• The quality of the load-bearing walls (masonry units, mortar, interlocking of units, regularity of
courses) which is fundamental to facilitate the monolithic behaviour right through the wall thickness.
This factor has been deeply studied by some researchers (e.g. [19–22]);
• The restricted slenderness of the walls to ensure its out-of-plane stability [23,24];
• The efficient connection amongst walls (good interlocking at wall intersections) and between walls
and horizontal structures (tie-rods, ring beams at all roof/floor levels) to ensure the so-called “box
behaviour” of the structure. [25–29] are dedicated to this issue;
• Adequately rigid and resistant floor diaphragms providing restraint to out-of-plane vibration of
walls, increasing structural redundancy and facilitating internal force redistribution. Among others,
[30–36] have addressed this topic in detail;
• Presence of suitable elements such as ties, floor diaphragms, etc. or availability of in-plane resis-
tance of string walls or buttresses to counteract horizontal thrusts (from roofs, arches or vaults) to
form a closed self-equilibrating system. Out-of-plane failure of walls where horizontal thrusts are
counteracted merely by their out-of-plane resistance is very frequent [37].
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Notwithstanding the complexity of the topic, several methods, techniques and computational tools are
currently available for the assessment of the out-of-plane behaviour of unreinforced masonry structures.
Naturally, each one of these methods and tools are based on different theories and approaches, fact that
makes its catalogue simultaneously a complex but valuable task.
Figure 2.2: Existing techniques for assessing the out-of-plane behaviour of unreinforced masonry structures
As schematically presented in Figure 2.2, three major families of assessment methods/techniques can
be distinguished: assessment resorting to analytical methods, numerical analysis and laboratory or in
situ experiments. The evolution of each one of these assessment procedures is described on the following
sections, wherein the most important references and applications are reported and briefly discussed.
2.2 Review on the methodologies for the out-of-plane behaviour assessment
As is already introduced in Figure 2.2, several analytical methodologies for the out-of-plane assessment
of unreinforced masonry structures have been proposed to date. These methods can be divided into two
main categories:
• force-equilibrium formulations, which are more simplistic, relying on traditional and consolidated
perceptions of the response under lateral forces;
• displacement-based formulations, which are less conservative than the previous formulations, pro-
viding more rational means of the out-of-plane seismic behaviour of unreinforced masonry walls.
It is worth mentioned that various studies carried out over the last decades concerning the overturning
of traditional masonry fac¸ades corroborates the assumption that this phenomenon is more correlated to
velocity (energy-based parameter) or displacement demands, rather than acceleration values which are
more related to the development of forces (see for instance [38]).
2.2.1 Force-based formulations
Heyman was one of the first authors applying limit state theories on the analysis of masonry structures [39,
40]. His works were based on the assumption that limit theorems of plasticity (lower-bound theorem and
upper-bound theorem) can be applied to masonry structures upon the premises that: (i) masonry has no
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tensile strength (i.e. it can resist infinite compression) and (ii) no sliding will occur within the masonry.
According to such formulation, the failure of unreinforced masonry structures can only occur due to
instability rather than material failure, which was only later introduced by Livesley [41]. Following
Heyman’s work, Giaquinta and Giusti [42] and Piero [43] presented two constitutive models based on
the same hypothesis that unreinforced masonry can be idealised as a no-tension material which led to
the solution in closed form of few class of problems having essentially a theoretical interest (also for
example [44] and [45]). Based on the exposed, the so-called equilibrium methods, which are essentially
based on the static equilibrium analysis of rigid body mechanisms, were the first formulations used in the
structural analysis of historical buildings.
Among the equilibrium (or stability) methods, the graphic statics is one of the oldest and most widely
applied. The origin of this approach dates back to the 16th century, when Simon Stevin’s (1548-1602)
proposed the so-called parallelogram rule which was based on the idea that equilibrium could be described
graphically using force vectors and close force polygons [46]. This marks the start of equilibrium analysis
of structural systems and the beginning of graphical methods. From that time, it was possible to explain
experimental results such as weights hanging from a string and to “calculate” the forces in the string
using these new graphical methods (see Figure 2.3) [47].
(a) (b)
Figure 2.3: (a) Stevin’s drawing of force equilibrium of hanging weights on a string (1586); (b) Varignon’s
illustration of a graphical analysis of a funicular shape (1725) (from [48])
This approach is still a powerful tool for both analysis and design of masonry structures, especially
after the development of an interactive computational geometry software (Active Statics) in which the
geometry of the structure can be adjusted in real time. Developed by Greenwold and Allen [49] and
subsequently improved by Block et al. [47], this tool was later used by De Jong [50] in the development of
a first order seismic method applicable on the study of the structural stability of sub-structures (vaults and
buttresses), as well as on the study of the influence of structural components interaction in the stability of
the whole structure. Despite its potential, this methodology leads to unconservative results since second
order effects such as local crushing, crack propagation and sliding are neglected in its formulation [48].
Several developments have been made upon the use of limit analysis without the strict applicability
of the limit theorems which lead to the so-called non-standard limit analysis. In 1990, Giuffre` [51]
presented an original work based on a series of post-seismic damage surveys carried out in the sequence
of Irpinia and Syracuse earthquakes in Italy, wherein the author states that given the complex nature
of the possible out-of-plane mechanism in unreinforced masonry walls and taking into account the load
patterns that causes each of the possible modes, the study of this type of mechanisms must be performed
on an individual basis, identifying the different loads, geometry and boundary conditions controlling each
mechanism [5,52]. Following this early work, Hobbs et al. [53] proposed a set of equations for overturning
failure modes caused by point loads and De Felice and Giannini [20] proposed two possible out-of-plane
mechanisms with the corresponding equations to estimate the collapse multiplier, λ (see also [54] and [5]).
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In the same line, Casapulla [55] proposed a new out-of-plane collapse mechanism in which the friction
forces along the boundary surfaces are included. This formulation would later be explored and modified
by Picchi [56]. Even though the merit of including the friction forces on the strength of the out-of-plane
mechanisms, these proposals are restricted to just one single mechanisms with very simple boundary and
load conditions [52].
In 2000, Baggio and Trovalusci [57] presented a work focused on the study of the collapse behaviour
of brick-block masonry. The model describes brick or stone masonry as a system of rigid blocks supposed
to have infinite strength, interacting through no-tensional and frictional interfaces. According to these
authors, the assumption that bricks cannot break is not so restrictive if masonry with bricks and dry
joint is considered and if the influence of the geometry of the assembly on the ultimate behaviour of
the masonry is investigated. The problem on the evaluation of the ultimate load for an assembly of
rigid bodies with no-tension and frictional constraints subjected to proportional load can be studied as a
problem of limit analysis of finite-dimensional rigid-plastic systems with non-associative flow rules [58].
In a previous work, the same authors have presented a computer procedure that provides the ultimate
load and the collapse mechanism for two and three-dimensional unreinforced masonry structures made
of blocks with frictional interfaces [59].
D’Ayala and Speranza [25] developed a thorough collection of simple mechanical models based on
limit state analysis and macro-elements. As mentioned, the application of limit analysis to a given
unreinforced masonry building requires the preliminary formulation of all possible failure mechanisms,
followed by the identification of the one associated with the lowest value of the load factor, λc, able to
maintain a limit equilibrium configuration. According to this proposal, the load factor λc is described by
the ratio between the lateral acceleration, a, and the gravitational acceleration, g, under the following
assumptions: dead load and horizontal force are applied at the centre of gravity of the building wall
and are expressed as a function of the gravity constant; the masonry walls are simulated as a system of
rigid bodies, articulated by hinges, whose geometry is defined by the failure mechanism; the masonry is
simulated by a discontinuum model with friction; the strengthening devices of masonry walls are simulated
using specific constraint conditions; foundations and soil characteristics are disregarded. According to
these criteria, the various failure mechanisms can be ranked according to their associated load factors
and, among these, the one with the minimum load factor is the most likely to occur [26]. Figure 2.4
presents some examples of possible out-of-plane mechanisms in unreinforced masonry buildings.
Figure 2.4: Examples of out-of-plane mechanisms in unreinforced buildings
Frictional resistance and cohesion between courses in dry block masonry forms the basis of the limit-
state model used to estimate ultimate load factors for the out-of-plane behaviour in three-dimensional
assemblies [11]. The major advantage of limit analysis is the simplicity of the approach, allowing the
development of practical computational tools characterised by a reduced number of input parameters.
This fact makes this kind of analysis particularly appropriate in the assessment of historic masonry
structures for which the input data is usually difficult or even impossible to obtain in an accurate manner.
However, the fact that the load factor λc expresses a too conservative result, when compared with the
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real factor of failure under dynamic conditions, is a clear limitation of the method [25] because the out-
of-plane seismic resistance of unreinforced masonry walls tends to be ruled by maximum displacement
and rather than by maximum strength, possessing non-negligible post cracking behaviour.
In 2004, Restrepo-Ve´lez [52] developed a new mechanics-based analytical procedure for the seismic
risk assessment of unreinforced masonry buildings for the urban scale, similar to the one proposed by
D’Ayala and Speranza [25]. Based on experimental results obtained from a series of static tests of scale
specimens built with dry-stone, the author proposed new analytical equations to compute a collapse
multiplier of complex out-of-plane failure mechanisms [52]. As main conclusions, Restrepo-Ve´lez stressed
the fact that almost all the mechanisms studied in this work are more complex than those proposed
by theoretical models and friction resistance does not play an important role in all the mechanisms.
Additionally, how dynamic tests on scale models could be a valid approach to study the equivalent single-
degree-of-freedom models for this kind of complex out-of-plane failure mechanisms was also discussed by
the author. Recently, Lagomarsino and Resemini [60] presented a study where collapse mechanism of wall
assemblies has been studied for monumental buildings, such as churches. By computing the collapse load
multiplier (α01, α02) for wall assemblies similar to church fac¸ades, the effect of party walls is carried out
for two specific collapse mechanisms: detachment between the fac¸ade and the transversal walls with (i)
vertical crack opening near the corner (α01), and (ii) oblique crack opening (α02) [61]. Both parameters
were formulated in order to take into account some technological aspects of masonry such as the texture
of the lateral walls, brick dimensions and frictional effects.
2.2.2 Displacement-based formulations
Limited attention has been given in the past to the dynamic response of out-of-plane mechanisms in
overall structural behaviour of unreinforced masonry buildings. Indeed, in the vast majority of the cases
this issue has been treated only based on the capacity of the structure to resist to lateral static forces [52].
However, several studies have demonstrated that, on one hand, unreinforced masonry walls subjected to
dynamic loads can resist accelerations higher than their static strength (e.g. [38, 62, 63] and that, on
the other hand, they tend to behave as rigid bodies subjected to rocking. This fact explains why these
elements are more sensitive to displacements and velocities rather than accelerations [12,38,64].
2.2.2.1 Flexural-based single-degree-of-freedom (SDoF) approaches
In 1985 Priestley [65] proposed an extension of the ultimate strength methods of design analysis to
unreinforced masonry structures which came replace the traditional methods (excessively conservative)
based on working stress calculations. By introducing the concept of ductility within an energy frame-
work, this author demonstrated that the level of seismic loading required to cause failure, especially
for face-loaded walls, tends to greatly exceed the predictions obtained by simple ultimate strength cal-
culations. Such theoretical formulation was experimentally proved through an extensive experimental
programme on shaking table of face-loaded walls. The results obtained from this campaign indicated
that walls could sustain levels of acceleration much higher than elastic or ultimate strength predictions
and that a correlation between the strength of the face-loaded wall and spectral velocity of the input
motion (energy) could be established. Validated the initial theoretical formulation, a new procedure for
ultimate load estimation that incorporates energy considerations based on the calculated load-deflection
(or acceleration-displacement) curve was proposed. The acceleration-displacement curve is elastic non-
linear and the equivalent elastic response acceleration can be found by the “equal energy” principle,
equating the area under the linear acceleration-displacement line with same initial stiffness to the under
true acceleration-displacement curve. The main disadvantage of this approach lies in the fact that the
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energy demand calculation is very sensitive to the selection of the elastic natural frequency and is relevant
only for a narrow band of frequencies. This topic was later discussed in more detail by Doherty [38].
Afterwards, in 1997, Tomazˇevicˇ [66] reiterated the fact that the out-of-plane vibration of walls is in-
duced by the building’s floor response and that, depending on the dynamic characteristics of the main
structure, out-of-plane vibration is more significant in the upper than in the lower stories of masonry
buildings. Higher modes of vibration of the floor response could further amplify the out-of-plane vibra-
tion of walls due to local resonance effects [11]. In 2002 Doherty et al. [64] presented a new simplified
linearised displacement-based procedure in which a trilinear relationship is used to characterise the real
nonlinear force-displacement relationship for unreinforced masonry walls (see Figure 2.5). This procedure
is founded on the reserve capacity of rocking unreinforced masonry walls to displace out-of-plane without
overturning, arising as the wall’s post-cracking response is governed by stability mechanisms, that is to
say, geometric instability of an unreinforced masonry wall will only occur when the mid-height displace-
ment exceeds its stability limit. According to this procedure, a cracked unreinforced masonry wall rocking
with large horizontal displacements may be modelled as rigid blocks separated by fully cracked sections
with identical support motions. Previously, research into face loaded infill masonry panels carried out
by Abrams et al. [67] has shown that under dynamic loading, one of the key responses governing wall
stability is the magnitude of maximum displacement. This fact suggests that displacement-based design
philosophies could provide a more rational means of determining seismic design actions for unreinforced
masonry walls in preference to the traditional “quasi-static” force-based approaches.
Figure 2.5: Trilinear simplified force-displacement model [64]
Griffith et al. [12] systematically evaluated the presented simplified procedure to evaluate the re-
sponse of unreinforced masonry walls subjected to out-of-plane excitations by means of a trilinear force-
displacement curve and demonstrated that the collapse of the wall is mainly conditioned by its maximum
strength and ultimate displacement capacity and not by its initial stiffness. In this procedure, the wall
is idealised as a rigid body on simple one-way bending (cantilevers or simply supported walls spanning
vertically between supports). However, it is worth stressing that the assumption of rigid body behaviour
is realistic only for low values of axial force. For the case of high compressive forces, the individual blocks
on the unreinforced masonry wall can deform significantly with the consequence that the pivot points
have finite dimension so that the internal lever arm and the displacement at static instability are smaller
than for a rigid wall and the wall possesses lateral deformability prior to incipient rocking. As is shown in
Figure 2.5, the “semi-rigid” force-displacement relationship deviates from the bilinear idealised behaviour
assuming a curvilinear profile with the maximum force lower than the rigid threshold resistance, F0 [11].
Nevertheless, this behaviour can be conveniently idealised by the trilinear relationship defined by three
displacement parameters ∆1, ∆2 and ∆f and the force parameter F0. Parameters ∆1 and ∆2 control
respectively the initial stiffness reduction and the strength reduction and ∆f represents the maximum
stable displacement.
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One of the main conclusions obtained from this study was that the lateral static strength and the
ultimate displacement of an unreinforced masonry wall subject to out-of-plane are only conditioned by
three parameters: geometry, boundary conditions and applied vertical forces (including self-weight). In
this kind of analysis, the uncertainties in the mechanical properties of the material (especially the elastic
modulus and the compressive strength of masonry) do not affect significantly the results since the effective
stiffness of the wall is the key parameter of the procedure. As in the original formulation [38], the kine-
matics of an unreinforced masonry wall is generalised here as a single-degree-of-freedom (SDoF) system,
with the out-of-plane equilibrium of the wall represented by a trilinear force-displacement relationship.
From elastic displacement spectrum, the wall displacement demand is predicted independently of its nat-
ural period; knowing the effective mass, meff , and effective stiffness, Keff , the fundamental period of
rocking is determined given the boundary conditions, state of degradation and level of pre-compression.
The principal disadvantage of such formulation relies on the quantification of the parameters ∆1, ∆2 and
∆f , which must be calibrated purely based on experimental tests accounting for each type of masonry
walls (i.e. not on the basis of any mechanically-based formulation).
2.2.2.2 Rigid body-based single-degree-of-freedom (SDoF) approaches
As is referred in Makris and Konstantinidis [68], reconnaissance reports following strong earthquakes
include the uplift, rocking or overturning of a variety of slender structures such as tombstones, electrical
equipment, retaining walls, liquid storage tanks and rigid building structures. This fact has increased
the need to understand and predict these failures and has motivated a large number of studies on the
rocking response of rigid blocks which would later be applied in the evaluation of the rocking response of
masonry structures under earthquake action.
In 1963 Housner [69] presented one of the first studies on the dynamic response of a slender rigid
block supported on a base undergoing horizontal accelerations. The author examined the free and forced
vibration responses to rectangular and half-sine pulse excitations through the use of an energy approach
which enabled an approximate analysis of the dynamics of a rigid block subjected to a white-noise
excitation. Subsequently, Housner showed that the rocking frequency decreases with increasing initial
rotation amplitude θ0 (see Figure 2.6 (a)), presenting also what was called as “scale effects”, where the
larger of two geometrically similar blocks could survive the excitation while the smaller block topples.
(a) (b)
Figure 2.6: Housner’s rocking block (a) and comparison between Housner’s theory and experiment for Priestley’s
model (b) (adapted from [70])
Following Housner’s work, Priestley et al. [70] presented a study where the possibility of foundation
rocking of shear wall structures is discussed. In this early work, the author compares the Housner’s theory
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for free rocking of rigid blocks with experimental results from a simple structural model with a number
of different foundation conditions (see Figure 2.6 (b)). Additionally, a simple design method for assessing
maximum rocking displacement, using equivalent elastic characteristics and a response spectrum was also
presented and compared with results from simulated seismic excitation of the model using an electro-
hydraulic shake-table. It is worth mentioning that this methodology was later adopted by the FEMA
356 document [71].
In 1980 Aslam et al. [72] studied the rocking and overturning response of blocks of various sizes and
aspect ratios under strong earthquakes. The effect of coefficient of restitution and vertical load on the
overturning response of this kind of elements was also considered. Among other relevant conclusions,
this study points out the sensitivity of overturning to small changes in base geometry and coefficient of
restitution. In the same line, Yim et al. [73] developed a numerical procedure and a software to solve the
non-linear equations of motion governing the rocking motion of rigid blocks on a rigid base subjected to
horizontal and vertical ground motions. As main conclusions, the author stressed that the response of
the block is very sensitive to small changes in its size and slenderness ratio and to the details of ground
motion. According to this study, the stability of a block subjected to a particular ground motion does
not necessarily increases monotonically with increasing size or decreasing slenderness ratio. Also, the
overturning of a block by a ground motion of particular intensity does not imply that the block will
necessarily overturn under the action of a more intense ground motion [73]. It is worth underlining
that the supra cited studies were pioneers in a research field where a large amount of works have been
developed over the last decades. Among others, [74–83] are just some examples of works consecrated to
this topic, published between 1989 and 2007.
Makris and Konstantinidis [68] presented in 2003 an interesting work concerning the superficial simi-
larities and fundamental differences between the oscillatory response of a single-degree-of-freedom (SDoF)
oscillator (regular pendulum) and the rocking response of a slender rigid body (inverted pendulum). As
a result of this study, the authors stated that SDoF oscillator and rocking block are two fundamentally
different dynamic systems and consequently the response of one should not be used to deduce somehow
the response of the other. In addition, these authors underline that rocking structures cannot be replaced
by an equivalent “typical elastic” SDoF oscillator and should not be evaluated using response spectra,
in particular for smaller, less-slender blocks. Finally, they also highlighted the fundamental differences
between rocking blocks and typical elastic oscillators and proposed the rocking spectra as a unique mea-
sure of earthquake intensity [68]. Figure 2.7 presents the confrontation between the response of the two
systems, presenting: in (a) the true displacement of the linear, viscously damped oscillator for different
values of damping (ξ =5%, 10% and 15%); and in (b) the rotation of a rigid slender block subjected to the
fault-normal component of the Pacoima Dam motion recorded during the 1971 San Fernando earthquake.
In 2008 Sorrentino et al. [84] took a step forward in the application of the rigid body-based princi-
ples with the study of the rocking response of unreinforced masonry fac¸ades. In this work the authors
investigated the earthquake response of typical unreinforced masonry walls of the historical city centre of
Gaeta, in central Italy. The fac¸ade walls are assumed to undergo one-sided rocking due to the presence of
internal restraints, such as transverse walls and horizontal structural elements. The dynamic model used
accounts, in a simplified way, for geometrical imperfections. Two sets of excitations are considered in this
study and the overturning frequencies are compared against different parameters, such as aspect ratio,
imperfection level, energy damped due to impact against vertical restraint, ground motion variability
and direction of the rotation. As main conclusions, the authors pointed out that if no additional energy
damping is assumed, one-sided rocking proves to be more dangerous than two-sided rocking and that the
static results can be overly conservative leading to unnecessary retrofitting actions [84]. The coefficient
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(a) (b)
Figure 2.7: True displacement of a linear viscously damped oscillator (a) and rotation of a rigid slender block
when subjected to the Pacoima Dam motion recorded during the 1971 San Fernando Earthquake (b) [68]
of restitution, r, which governs the rocking behaviour masonry walls at impact, should be experimentally
assessed and, in 2011, Sorrentino et al. [85] characterised experimentally such coefficient for full scale tuff
masonry walls. However, other several works were made on the characterisation of interface surfaces (and
subsequently the coefficient of restitution) under rocking motions (e.g. [69,70,72,73,76,77,81,82,85–89]).
Subsequently, Shawa et al. [90] developed a modelling strategy to reproduce the out-of-plane dynamic
behaviour of masonry fac¸ade walls. This approach takes advantage of the intrinsic discrete character of
these elements, consisting of a fac¸ade separated from the transverse walls. A SDoF system is considered
on the basis of this approach and a rocking motion for which an analytical formulation of the equation
of motion is given (see Figure 2.8). Starting from existing rocking models, which concentrate damping
at impact, the authors formulated a new model that takes into account the asymmetry resulting from
the restraint provided by the transverse walls and from out-of-plumb of the wall in the configuration
at rest. The analytic coefficient of restitution was reduced based on a set of experiments performed on
masonry walls undergoing free rocking oscillations. According to the authors, this approach is capable
of reproducing the tests, in terms of both entire time history and maximum rotation, even if model
parameters are roughly assumed. Additionally, experimental and numerical data generated through this
approach were used to check the current Italian seismic code assessment procedure.
(a) (b)
Figure 2.8: Fac¸ade wall resting on a tilted foundation: (a) Limit lateral rotations, Ψn, because of transverse
walls depth, d, of the mortar head joint between fac¸ade and transverse wall; (b) kinematic descriptors of the
motion [90]
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2.2.2.3 Rigid body-based multi-degree-of-freedom (MDoF) approaches
In contrast to the single-degree-of-freedom approaches, which have been extensively studied, very few
works were presented to date on the analysis of the rocking behaviour of rigid blocks resorting to multi-
degree-of-freedom (MDoF) approaches. As highlighted by D’Ayala and Shi [91], even for the simplest
case of a multi-block structure composed by two blocks, the rocking problem becomes very complex and
therefor the work proposed is very modest. In 1990, Psycharis [92] has presented an analysis of the
dynamic behaviour of systems consisting of two stacked rigid blocks without sliding. In this work, one of
the first studies of multiple blocks stacked on a rigid floor, the author analyses the rocking response of
the system to horizontal and vertical ground accelerations in terms of four possible patterns of response
and impact, assuming conservative angular momentum. However, such procedure proved to be too
complicated as the equations of motion and energy dissipation had to be formulated for every possible
mode of response. Following Psycharis’ work, Spanos et al. [93] have studied the dynamic behaviour of
structures of two stacked rigid blocks subjected to ground excitation. Assuming no sliding, the rocking
response of the system standing free on a rigid foundation has been investigated and therefore the exact
(nonlinear) equations governing the rocking response of the system to horizontal and vertical ground
accelerations have been derived for each pattern (See Figure 2.9). In addition, such nonlinear equations
of motion have been integrated for each pattern by developing an ad hoc computational scheme capable
of determining the response of the system under an arbitrary base excitation; numerical results for both
the free and seismic response have been derived.
(a) Pattern 1 (b) Pattern 2
(c) Pattern 3 (d) Pattern 4
Figure 2.9: Classification of rocking patterns for a system of two stacked rigid blocks with respect to the angles
of rotation (adapted from Spanos et al. [93])
D’Ayala and Shi [91] presented a relatively simple dynamic model through which two stocked rigid
blocks are analysed according to three main patterns of relative rotation of the two rocking blocks, which
were further subdivided into two sub-patterns based on the different reference points of rocking with
respect to each other. Thus, pattern 1 and pattern 2 present 2-DoF-system responses with the two parts
rocking respectively in the same and opposite direction at the reference points at corners and pattern
3 reflects the situation of only one horizontal crack occurring at some height of the wall (resulting in
a SDoF system). In order to study the motion of the two bodies and the patterns of relative motion
and sliding, the nonlinear equations of motion have been programmed and solved using two commercial
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softwares.
Recently Gabelliri et al. [94] have proposed an extension of some existing formulations [33, 38, 95] in
order to develop a 2-DoF model for the analysis of the dynamic out-of-plane behaviour of a single wall
considering the hypothesis of flexible diaphragm. In this work, the authors present a set of equations
of motion for the wall and develop an algorithm for their numerical integration (Figure 2.10 (a)). The
results of dynamic analysis on a set of walls with Gaussian impulse or with recorded accelerogram inputs
has been investigated by the authors who have concluded that the stiffness of the diaphragms has a strong
influence on the displacement demand of the walls. They further assumed that both the model and the
numerical algorithm need to be validated, pointing out that a possible future development could be the
modelling of the inelastic behaviour of the spring at the top and the definition of a 3-DoF model that
includes the in-plane walls.
(a) (b)
Figure 2.10: Wall in out-of-plane bending: (a) 2DOF model presented by Gabelliri et al. [94]; and (b) wall
subjected to post-cracking displacements (from [96])
In the same line, Derakhshan et al. [97] proposed an analytical model, also based in [64] (see Sec-
tion 2.2.2.1), that describes the out-of-plane response of one-way spanning unreinforced masonry walls by
including the effects of crack height, overburden loads, mortar compressive strength and mortar pointing.
In relation to the original formulation, this new model includes a more detailed consideration of the
effects of applied overburden and the effects of wall crack height. In addition, the stiffness of the timber
diaphragms can be accounted by considering a wall top displacement, ∆t (Figure 2.10 (b)). According
to the author, the model is suitable for assessing double-leaf and triple-leaf solid walls.
2.3 Numerical approaches
Thanks to the recent exponential advance on computational capacities, several methods and compu-
tational tools have emerged in last years for the assessment of masonry structures. According to
Lourenc¸o [18], in function of its origin and purpose, these methods present different levels of complex-
ity/computational effort (from simple graphical methods and hand calculations to complex mathematical
formulations and large systems of nonlinear equations), different availability of practitioners, different
time requirements (from a few seconds of computer time to several days) and, of course, different costs.
In addition, the choice of a certain method rather than another, is often a complex and non consensual
task. Indeed, if it is true that results of different approaches might also be different, this is not a suffi-
cient reason to prefer one method over another. More than that, the choice of a complex analysis tool
does not necessarily provide better results than a more simple approach. This option should then be
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founded on some key aspects, namely, the compatibility of the analysis tool and the information sought,
the availability of analysis tool and cost, available financial resources and time consumption [18].
Starting from the exposed, three different approaches based in three distinct assumptions are presented
and discussed on the following. In order to facilitate the analysis, the content is organised per approach,
starting off with the finite element method-based approaches, moving then to discrete element method-
based approaches and finishing with multibody dynamics-based approaches.
2.3.1 Finite element method-based approaches
The great number of influencing factors, such as dimensions and anisotropy of the units, joint width and
arrangement of bed and head joints, material properties of both units and mortar, and quality of the
workmanship, make the finite element simulation of masonry extremely difficult. According to several
authors (for instance [18,98]), depending on the level of accuracy and the simplicity desired, it is possible
to use different modelling strategies (Figure 2.11):
Micro-modeling: In this approach, elastic (Young’s modulus and Poisson’s ratio) and, optionally, in-
elastic properties of both unit and mortar are taken into account. The interface represents a
potential crack/slip plane with initial dummy stiffness to avoid interpenetration of the continuum,
enabling this way the combined action of unit, mortar and interface to be studied under magnifi-
cation. Due to the high level of detail in this type of modelling, its application is limited only to
portion of masonry structures (i.e. vaults, pediments, wall, etc.);
Meso-modeling: In this approach, each joint, consisting of mortar and the two unit-mortar interfaces,
is lumped into an average interface while the units are expanded in order to keep the geometry
unchanged. Masonry is thus considered as a set of elastic blocks bounded by potential fracture/slip
lines at joints;
Macro-modeling: This third approach does not distinguish between individual units and joints, but
assumes masonry as a homogeneous anisotropic continuum. At the macro-scale level the charac-
teristic size is the macro-element scale, a portion of structures that may be studied with simple
equivalent system (i.e. vaults, pediment, walls, etc.) [99].
(a) Micro-modelling (b) Meso-modelling (c) Macro-modelling
Figure 2.11: Modelling strategies for masonry structures (adapted from [18])
One of the first attempts to describe the structural behaviour of masonry structures resorting to finite
element models was presented by Page [100]. In this ground breaking work, the author built a complete
micro-model wherein all the failure mechanisms of masonry, namely, cracking of joints, sliding over one
head or bed joint, cracking of the units and crushing of masonry were taken into account. The non-linear
behaviour of the material was incorporated here in a primitive way, with fragile behaviour in tension and
hardening in shear/compression. Following this first work, Ali and Page [101] presented a study about
the non-linear behaviour of masonry subjected to concentrated loads as well as a theoretical parametric
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analysis of the behaviour of storey height solid masonry walls subjected to concentrated loads [101, 102]
using multi-level sub structuring and mesh-refinement techniques [103].
Despite the importance of these first works in the field of the finite element modelling of unreinforced
masonry structures, they are entirely dedicated to the investigation of masonry behaviour subjected to
in-plane actions. In fact, even if the importance of the problem is well and widely recognised for some
time [9], until recent past, very few works devoted to the numerical analysis of out-of-plane behaviour
have been presented in the literature.
2.3.1.1 Micro-modelling strategy: material discretization
As failure in masonry elements is more expected to occur in the joints rather than the units, most of the
research in the field of micro-modelling of masonry is focused on the material behaviour of joints, with
particular emphasis for the interface with the units [104]. In fact, research on interfaces is particularly
effective on the analysis of regular masonry walls where the damage and fracture can be defined a pri-
ori, along the regularly pattern of the joints [105]. Aided by modern algorithms concepts and advanced
numerical models, Lourenc¸o and Rots [106] developed an interface cap model formulated according to
softening plasticity in tension, shear and compression, with consistent treatment of the intersections de-
fined by these models. Following this research line, the same author developed and presented a composite
plasticity model for the numerical analysis of masonry structures subjected to out-of-plane loading [107]
which was validated with experimental results on masonry panels subjected to out-of-plane loading, pro-
viding good results on the reproduction of the elastic and inelastic behaviour of masonry considering two
orthogonal directions. In this work Lourenc¸o further discusses the adequacy of yield-line analysis for the
design of masonry structures subjected to out-of-plane loading, the influence of the aspect ratio of the
panels and the influence of in-plane normal pressure. As conclusions, the author highlight the capacity
of the modelling reproducing different behaviours along the material axes, which is typical of masonry
behaviour in flexure, and the fact that numerical analysis represent a valuable possibility for the analysis
and the understanding of the non-linear phenomena involved in the masonry plates and shells. In ad-
dition, he also stresses that the results presented seem to demonstrate that the usual yield-line analysis
design tool does not represent the observed behaviour and therefore must be used with great care [107].
In 2006, Cecchi et al. [108] presented a kinematic limit analysis approach, under the hypotheses of the
thick plate theory, for the derivation of the macroscopic failure surfaces of masonry loaded out-of-plane.
In this work, the behaviour of a 3D system of blocks connected by interfaces is identified with a 2D
Reissner-Mindlin plate. Infinitely resistant blocks connected by interfaces (joints) with a Mohr-Coulomb
failure criterion with tension cut-off and compressive cap are considered and an associated flow rule for
joints is adopted. In practice, this means that in this model mortar joints are reduced to interfaces with
frictional behaviour with limited tensile and compressive strength, whereas bricks are supposed infinitely
resistant. Two applications of the model in two meaningful structural examples were presented by the
authors: the first concerns a masonry wall under cylindrical flexion, whereas the second consists of a
rectangular plate with central opening out-of-plane loaded. For both cases, the influence of the shear
strength on the collapse load was estimated varying panel slenderness. According to the authors, and
based on the results obtained, this Reissner-Mindlin kinematic limit analysis model is able to reproduce,
at a structural level, both rocking and sliding behaviour.
In 2009, Zuccarello et al. [109] presented a combined numerical and experimental research wherein
the behaviour of in-scale unbonded masonry panels out-of-plane loaded were assessed. In this work the
authors have resorted the heterogeneous upper bound model presented in Milani et al. [110] and to the
homogeneous limit analysis approach proposed by Milani et al. [111], in order to carry out two distinct
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numerical limit analysis models used on the analytical description of the experiments composed of three
different series of mortarless walls subjected to in-plane compressive loads and concentrated out-of-plane
actions. From the comparison between the experimental evidences and the finite element (FE) limit
analysis the authors highlighted some expected but yet relevant conclusions, namely, that the anisotropic
masonry behaviour and compressive loads are key aspects to considerer to obtain a reliable prediction of
both collapse loads and failure mechanics and that the heterogeneous approach is more reliable in terms
of collapse load than homogeneous approach, giving also a detailed information of out-of-plane bricks
sliding. As conclusion, the authors also underlined the limitation of homogeneous analysis in terms of
maximum number of elements considered in the homogenisation (in the case of masonry, the number of
bricks/units), which plays a decisive role in the reliability of the results obtained.
2.3.1.2 Meso-modelling strategy
Meso-modelling is an interesting alternative to combine benefits from both extreme micro and macro-
modelling scales. Notwithstanding, most of the mesoscale model for unreinforced masonry presented so
far account for the in-plane stacking mode of units/bricks and mortar only, and are aimed at investi-
gating the in-plane non-linear response of masonry walls (e.g. [106, 112, 113]). According to Macorini
and Izzudin [105], such models cannot be effectively employed to assess the structural performance of
unreinforced masonry elements under complex loading conditions, as is the case of the seismic action,
which presents both in-plane and out-of-plane components. Even so, these authors tackled this issue
defining a new interface element for the geometric and material non-linear analysis of unreinforced brick-
masonry structures, which enables the representation of any 3D arrangement for brick-masonry and
allows the investigation of both the in-plane and the out-of-plane responses of unreinforced panels. In
this work, non-linear 2D interface elements were combined with 3D brick ones to simulate the initial
and the damage-induced anisotropy of brickwork, eventually shifting geometric non-linearity to discrete
phase (see Figure 2.12) [104]. In addition, a co-rotational approach is used to account for geometric
non-linearity, and a multi-surface softening plasticity model is employed to model all the relevant fail-
ure modes, such as opening in tension, sliding in shear/torsion and shear/compression and crushing in
compression. The interface element formulation was then validated with several experimental-numerical
comparisons, which have provided favourable results, demonstrating therefore its accuracy for the non-
linear analysis of brick-masonry structures under extreme loading conditions. A further example of the
application of a meso-macro model for the non-linear analysis of masonry can be found in [114].
Figure 2.12: 3D mesoscale modelling for brick-masonry solid elements and 2D non-linear interfaces [105]
2.3.1.3 Macro-modelling strategy: material homogenization
As already noted, homogenised modes for masonry attempt to combine the two distinct phase of the
units and joints and their respective constitutive equations to determine the overall elastic properties
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of masonry and reproduce the different behaviour along the principal axes of orthotropy, especially in
bending. As a consequence, accurate and efficient constitutive models predicting the behaviour of masonry
in the non-linear range (hardening/softening) are required and should be capable to include individual
failure and damage mechanisms [104].
In 2002, Cecchi and Sab [115] proposed a 3D model to study masonry walls subjected to out-of-plane
actions through a rigorous homogenisation procedure. If compared with 2D models, 3D models present
the great advantage of allowing to define the bending stiffness of the structure. Basically, the masonry
is modelled in this work as a periodic body obtained by repetition of a 3D elementary representative
module which contains - in a small scale - all the mechanical and geometrical characteristics of the
body as whole. The obtained model takes into account the effects of joints sizes and the effects of ratio
deformability of mortar and block on the macroscopic constitutive functions. In the conclusions of this
work, the authors underlined the versatility of the model in interpreting the behaviour of different types of
masonry in relation to variations in their mechanical and geometric characteristics, and also in providing
for the opportunity to model masonry comprising blocks connected by elastic interfaces. It is important
to note that this work arises from a series of previous investigations aiming the study of homogenisation
procedures of masonry, namely [116–118] (for further references see [22,119–121]).
Afterwards, Milani et al. [111] presented a paper wherein the use of a simplified homogenization tech-
nique for the analysis of masonry subjected to out-of-plane loading is addressed. This investigation arises
in the sequence of the supra cited Lourenc¸o’s work [107] and combines an isotropic failure surface, based
on the definition of a polynomial representation of the stress tensor components in a finite number of sub-
domains, with finite element triangular elements employed for the upper and lower bound limit analyses.
Through the combined use of upper and lower bound approaches, and their respective simplifications,
a narrow interval for the real collapse loads was defined and subsequently compared with experimental
data available in the literature.
In 2011, Milani and Venturini [122] presented a novel 3D homogenised FE limit analysis software for
the fragility curve evaluation of entire existing masonry churches. This approach can be considered a
two-step one, wherein homogenised masonry strength domains are obtained using a simplified kinematic
procedure (similar to Cecchi et al. [108]) applied on a three-leaf unitary cell, in the first phase, and
homogenised domains are implemented at a structural level on a plate and cell kinematic FE software,
in the second phase. The global behaviour at failure and the overall strength of the buildings were
assessed through Monte Carlo simulations varying both masonry mechanical properties and direction of
the equivalent seismic load. In order to validate it, the procedure was tested on two real Italian churches
and compared to results provided by means of a conventional elastic approach performed with a standard
commercial software (see Figure 2.13). Among other conclusions, the authors stressed the fact that
moderate changes in the material parameters of Monte Carlo analysis can lead to different predominant
failure mechanisms. In this sense, particular care and experience are recommended when trying to assess
the seismic resistance of existing monumental building resorting to this technique [122].
Recently, Milani et al. [123] investigated the buckling behaviour of slender unreinforced masonry walls
subjected to axial compression and out-of-plane lateral loads through a simplified homogenised procedure.
The developed finite element model, applicable under general load and restraint conditions, incorporates
material and geometric nonlinearity and may be used to analyse slender unreinforced masonry walls,
having the capability of capturing post-cracking and post-buckling behaviour in an approximate but
suitable way. Another example of a work based on the finite-element homogenisation technique was
recently published by Casolo and Milani [22]. In this work the authors propose and discuss three different
approaches, with distinct levels of accuracy and approximation, usable on the assessment of the out-of-
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(a) (b)
Figure 2.13: Commercial code FE results. Normalised internal actions patches for seismic acceleration equal
to the collapse one: (a) γ = 0o; and (b) γ = 180o (adapted from [122])
plane behaviour of three-leaf masonry walls taking into account the material texture. In the conclusions of
this work, the authors stressed the importance of such property on the determination of the out-of-plane
flexural-torsional fac¸ade response under seismic excitation.
A quite different way of approaching the issue of the out-of-plane behaviour of unreinforced masonry
is proposed by Casolo and Milani in [98]. This work is focused on the macro-scale non-linear modelling
of regular running bond masonry panels subjected to out-of-plane pushover analysis, representing the
point of convergence of two research lines: (i) an original meso-scale technique based on a heuristic
homogenisation approach and (ii) macro-scale modelling of heterogeneous materials by means of a specific
rigid-body and spring approach. Among other important advantages, this combined approach permitted
a drastic reduction of the computational effort by the fact that standard non-linear FE discretisation is
completely avoided both at a cell and structural level. As underlined by the authors, the good agreement
found between numerical results obtained with this approach and literature data, suggests that such model
may be a valuable tool for practitioners involved in the pushover analysis of masonry walls out-of-plane
loaded [98].
2.3.2 Discrete element method-based approaches
Several discrete element formulations, developed and applied to the study the behaviour of masonry
structures have been presented in last years. This diversity is explained by, on one hand, their different
origins - ranging from works in rock mechanics to methods of structural analysis of engineering mechanics
- and, on the other hand, by the fact that some of these models share many assumptions with discrete
elements but are known by different designations. It is worth mentioning that discrete element models are
presently used for different purposes, namely both in the qualitative identification of possible deformation
and failure modes, and in the interpretation of experimental data or damage observation [124].
The first work cited in literature on the analysis of the seismic response of structures based on a
discrete element approach was proposed by Kawai [125] who developed and discussed the application of
new discrete models. These novel models consisted on a finite number of small rigid bodies connected
with springs distributed over the contact area of two neighbouring bodies and proved to be very effective
in nonlinear structural analysis, particularly in dynamic response analysis.
In 1998 a 3D rigid block model was employed by Lemos [126] in order to study the out-of-plane failure
modes of masonry arches under seismic loading. Circular and pointed arches, as well as intersecting arches,
with different cross-sections, were considered. The effect of joint stiffness on the dynamic behaviour
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was thoroughly examined, with the more deformable joints leading to failure for lower levels of applied
acceleration [124]. In the same year, Sincraian et al. [127] studied the seismic behaviour of a stone
masonry aqueduct with 2D discrete element models, in which the out-of-plane failure of the tallest
pillars was investigated. Based on the input of different seismic excitations, the authors reported a more
vulnerable behaviour of the structure to records with low frequency content. A similar work aiming the
study of the dynamic analysis of an aqueduct with a rigid block discrete element model can be found in
Drei et al. [128] (see Figure 2.14). As main conclusions, the authors highlighted the fact that the use of
block elements similar to the real stone blocks, at least in part of the external shell of the structure, seems
a realistic modelling approach of the structure. However, some caution is necessary when using it for
the evaluation of the collapse dynamic load, as an example for the assessment of a collapse PGA value.
Also according to this study, the resistance of the model appears mainly due to the regular texture of
the blocks and to the uniformity of the structure which leads to a clear dependence between the presence
of small localised weak elements (which behave as a triggering device of the failure) and the collapse
obtained. In fact, this work has demonstrated that the settlement of uniformity and of regular texture
can result more effective than an improving on the mechanical characteristics of the material without
removing local possible damage triggering elements [128].
(a) (b)
Figure 2.14: Dynamic analysis of an aqueduct: (a) Transverse loading for seismic action Type 1; and (b) out-of
-plane failure mode (from [128])
Based on the concepts introduced by Kawai, Casolo [129] presented a simplified method for investi-
gating the out-of-plane behaviour of masonry walls subjected to seismic loadings. In the study the walls
are modelled as a series of plane rigid elements in which only the out-of-plane displacements are consid-
ered. The elements are quadrilateral and are connected to each other in the middle of their adjoining
sides by hinges that can be regarded as spherical joints at which all the deformation takes place. The
mechanical characteristics of these connections are defined so as to approximate the brittle behaviour
of masonry material. Through this simplified model based on a purely flexural-torsional kinematics, it
is possible to predict with reasonable accuracy the level of loading causing severe structural damage
in masonry fac¸ade walls and to gain insight into the most likely collapse mechanism [129]. Following
this work, the same author presented a new model suitable for performing dynamic analysis of masonry
walls subjected to cyclic loadings, considering the degradation of stiffness and strength under hysteretic
behaviour [130]. Based on the assumption of in-plane rigidity, the author stresses that in general this
model is suitable for masonry structures for which shear and membrane effects are negligible compared to
flexural, out-of-plane effects. The low strength of the masonry material causes non linearity and damages
in the walls remaining in the field of small displacements and the mechanical characteristics of masonry
under cyclic dynamical loading are accounted for by assigning appropriate constitutive relations to the
connection joints. He further states that the simplifying assumptions of the model seems not to have a
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great impact on the accuracy of failure and general behaviour prediction, also considering the particular
geometries of the large front walls of old masonry churches and monuments. Moreover, the reduced com-
putational resources needed for the non-linear dynamic analysis makes this model suitable for studying
the seismic vulnerability of buildings for which it is important to systematically investigate the effects
of varying structural parameters in relation with the intensity and the characteristics of different strong
motions [130]. A comparison between this non-linear dynamic methodology and non-linear static proce-
dure (NSP) was recently presented and discussed in detail by Casolo and Uva [131] who have concluded
that, in general, considering that historical and monumental buildings often have peculiar and unrepeat-
able characteristics, a full non-linear dynamic analysis would be recommended when the objective is to
perform a detailed vulnerability assessment.
In 2001 the ability of discrete elements to address the out-of-plane behaviour of irregular masonry was
explored by Roberti and Spina [132] in the analysis of ancient Sardinian Nuraghe structures. Starting
from a survey on the Nuraghe “Santu Antine” in Torralba, a numerical analysis was performed on the
stability of the dome, considering different hypothesis on the construction process. In order to the take
into account the real characteristic of the dry stone masonry, made by big and stiff blocks laying together,
a discrete element mesh composed by polygonal blocks, able to model the discontinuities, was adopted
(see Figure 2.15 (a)). In the sequence of this study, the authors stated that although less expensive than
the 3D analysis codes, the 2D discrete element method (DEM) analysis seems to be an efficient tool for
the stability analysis of ancient masonry constructions, focusing more on block stability and equilibrium
than on accurate stress determination inside the blocks. It is worth mentioning that this aspect can be
critical on the study of block cracking due to changed boundary conditions [132].
(a) (b)
Figure 2.15: Wire-frame model of an irregular stone masonry wall (a) and collapse mechanism of a two-storey
house (b) (from [132] and [133], respectively)
One year later, Oliveira et al. [134] employed a 3D model to interpret the observed damage caused in
a lighthouse by earthquakes. The masonry structures were modelled here by means of a small number
of large blocks. This is an example of the type of model wherein the numerical blocks are not intended
to represent the real masonry units, but correspond simply to a partition of the structure into large
components, sufficient to define the range of possible collapse mechanisms. Particularly in this case, the
joint material properties are chosen to respect the overall deformability of the structure [124].
Following the same research line, Alexandris et al. [133] studied the collapse mechanisms of traditional
one- and two-storey houses under earthquake loading. The 2D and 3D models were used to evaluate the
affectivity of different intervention options (Figure 2.15 (b)). In the sequence of this work, the authors
pointed out a series of interesting conclusions: (i) the numerical model used in this work could not
reproduce the stiffness degradation after yielding; (ii) the out-of-plane rocking response of long walls
was found to be the dominant mode of the failure mechanism of masonry buildings which justifies the
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incapacity of the two-dimensional analysis to realistically simulate the response; (iii) three-dimensional
analysis seems to be able to capture the collapse mechanism quite well. However, in the analysis performed
under this study unrealistically high levels of the base excitation were required for collapse to occur.
Such was attributed to the fact that the masonry was represented by perfectly cut brick-shaped stones
of infinite strength. In reality, the breakage of the stone corners after a few rocking cycles reduces
significantly the contact area between adjacent blocks and result in a reduced strength against collapse.
It is then believed that the use of stone blocks with cut or rounded corners and the development of more
advanced constitutive models for the representation of the joint parameters will significantly increase the
accuracy of the method [133].
In 2005 a further application of discrete element-based models as simulation tools for the study of
the out-of-plane seismic vulnerability of masonry walls was presented and discussed by De Felice [135].
Following the same research line, this author has recently presented an interesting study on multiple leaf
masonry walls resorting to DEM, where capacity curves in the form of displacement vs. acceleration
are presented to study the influence of transversal bond. It is clearly stated in this work that the
masonry assemblage at the transversal section level is crucial to provide a monolithic behaviour avoiding
disaggregation, which is in line with the well-known observations of Giuffre` [5].
2.3.3 Multibody dynamics-based approaches
A different line of investigation on the simulation of the out-of-plane dynamic behaviour of unreinforced
masonry buildings, resorting to multibody dynamics theory, has been proposed by A.A. Costa in 2012 [2].
In this work, masonry portions considered representative of the out-of-plane local mechanisms activated
by seismic loads are modelled as kinematic chains (normally assumed as infinitely rigid bodies) whose
non-linear behaviour is concentrated at the contact regions. The non-linear behaviour is represented by
a sliding friction law (of Coulomb type without cohesion), as well as by unilateral contacts where impacts
between bodies lead to energy dissipation, which can be computed through an energy ratio coefficient
by means of the penalty method commonly used on contact theory. In addition, the contact regions are
assumed to have infinite compressive and null tensile strengths. Figure 16 depicts a schematic example
of this methodology based on multibody systems.
(a) (b)
Figure 2.16: Multibody dynamics-based approach: (a) schematic representation of a local mechanism; and (b)
equivalent multibody system (from [2])
The main advantages on the use of multibody dynamics to simulate complex local mechanisms relies
on the time-efficiency and input parameters because it uses only geometric parameters, the mass of the
elements, friction coefficient and energy restitution coefficient. The influence of the energy ratio coefficient
in the final results can be pointed out as the major drawback of this approach. A further disadvantage of
this technique relies on the predefinition of the formed local mechanisms, since that this approach cannot
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be used independently without any other type of analysis or judgment because it requires the definition
of a realistic overturning mechanism in order to create the multibody model.
It is worth noting that the definition of a model with masonry portions and contact at the interface
have some similarities to the modelling technique used by Oliveira et al. [134] in the interpretation of
post-seismic damage in unreinforced masonry structures resorting to a simple 3D approximation of the
real geometry with macro masonry blocks. Yi et al. [136] also used a procedure somewhat similar to those
in order to perform 3D non-linear pushover analysis, wherein masonry panels were modelled by 3D FEM
continuum bodies. In this work, contact elements were adopted and placed at predefined macrocracking
interfaces, using Coulomb friction model at the contact surfaces.
2.4 Experimental works
Several experimental works have been made concerning the out-of-plane seismic behaviour of masonry
elements by making use of experimental laboratory or in situ tests. Despite more commons, laboratory
tests of masonry constructions deals with some common limitations and difficulties, namely regarding
the correct reproduction of the existing materials and real in situ conditions of the original elements (e.g.
boundary conditions, actions, etc.). Moreover, the majority of the dynamic tests on masonry structures
performed on shaking tables are mainly carried out on reduced scale specimens which may strongly
influence the importance of particular issues of their seismic resistance, even though the use of suitable
similitude laws on the scale reduction [2].
Additionally, and as was highlighted by Restrepo-Ve´lez [52], the out-of-plane behaviour of unreinforced
masonry structures has been rarely the main objective of study by experimental programs and most of
the results available regarding this type of failure have been obtained as a by-product of other type of
testing. In the few occasions when out-of-plane has been the centre of any research effort, the tests have
been oriented to establish the force resistance of collapse multiplier of simple mechanisms. Among others,
this subject was addressed for example by Tumialan et al. [137] who have performed out-of-plane field
tests on brick masonry walls and, more recently, by A.A. Costa et al. [29] who presented an extensive in
situ experimental campaign carried on traditional masonry houses. Such and other works are presented
and described throughout this section.
2.4.1 Laboratory tests
In the 1980’s an extensive programme was carried out by ABK [62] to study the dynamic out-of-plane
motion of unreinforced masonry walls. This experimental campaign aimed to develop a methodology for
the mitigation of seismic hazards in existing unreinforced masonry buildings, through the establishment
of bounds on the dynamic stability of walls (resistance to collapse). In the scope of this experimental
campaign, 20 unreinforced masonry walls with slenderness rations between 14 and 25 were subjected
to dynamic out-of-plane motions covering a range of effective peak accelerations between 0.1 and 0.4 g.
The tests demonstrated that the resistance of the walls to out-of-plane collapse was dependent on the
peak velocities and the input at the base and top of the walls, where recommendations for its dynamic
stability were given by prescribing allowable height/thickness ratios, based on the presence or absence of
cross-walls or by diaphragm demand/capacity ratio and span length [11]. Some years later, Tomazˇevicˇ
et al. [138] carried out a series of shaking table tests on scaled specimens. As result of this campaign
the authors reported the cracking of out-of-plane walls and their failure when flexible floors are present.
However, no further discussion regarding out-of-plane behaviour is presented in the paper.
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A new approach specifically orientated to the study of the out-of-plane response of simple unreinforced
masonry walls was presented in 2002 by Doherty et al. [64]. This work involved a series of shaking table
tests resorting to a new test setup developed specifically for this aim. As main outcome, the results
obtained corroborated the thesis that, for ultimate conditions, out-of-plane walls are more susceptible to
displacement demand rather than acceleration demand.
In 2003 Lam et al. [139] developed an single-degree-of-freedom macro model in order to investigate
the seismic performance of unreinforced masonry walls in vertical one-way bending subject to out-of-
plane inertial loading. In the scope of this research, static and dynamic tests (shaking table tests) were
carried out at the University of Adelaide on 14 one-way regular brick unreinforced masonry wall panels,
approximately 1.5 m tall and 1.0 m wide, either 50 mm or 110 mm thick which correspond to slenderness
rations of 30 and 13.6 respectively. In the static tests, the wall panels were loaded at mid-height using a
hand driven pump hydraulic jack, both in uncracked and pre-cracked specimens. Concerning the dynamic
tests, two types of input motions were used: simple pulse motion (0.5-3 Hz); and earthquake ground
motion (El Centro 1940, Northridge - Paicoma Dam site 1994, Taft 1956 and Nahanni 1985 records) [11].
The study pointed out some useful conclusions in the walls’ ultimate response and the importance of
using displacement as a performance criterion. On the one hand, these investigations reiterate the fact
that response spectral displacement as opposed to acceleration is a much better indicator of the ultimate
performance of the wall and, on the other hand, it was observed that the displacement response of the
wall varies linearly with the frequency and amplitude of the applied excitation. For more details on this
experimental work see [38,140].
One year later, in 2004, Restrepo-Ve´lez [52] presented a series of static tests on 42 configurations
of 1:5 scale dry stone masonry walls. The tests were performed at the University of Pavia, in Italy,
with the purpose of verifying existing analytical expressions to compute the horizontal collapse multiplier
of out-of-plane failure mechanisms and to develop analytical expressions for the computation of the
collapse multiplier and the ultimate static displacement for each mechanism (see Section 2.2.1) Different
configurations of unreinforced masonry models were developed by varying several parameters as the length
of the walls, the presence and position of openings, the staggering ratio, the quality of the connection
between walls, the existence of overburden loads in the out-of-plane and in the in-plane walls as well as
the number of stories. The main objective of the static tests was to explore the extension of a probabilistic
mechanics-based procedure for loss assessment at urban scale [11] (a further reference on this work can
be found in [141]).
Griffith et al. [142] presented an experimental programme wherein 8 full-scale unreinforced masonry
walls with different aspect ratios and pre-compression states (ranging from 0 to 0.1 MPa) were subjected
to cyclic face loads using a system of airbags, according to the scheme shown in Figure 2.17. The key aim of
this experimental study was to obtain cyclic load-displacement data to provide a basis for the development
of a non-linear inelastic hysteresis model for regular masonry in two-way out-of-plane bending. As a
main conclusion of this work, the authors stressed the observation of a substantial post-peak strength
and displacement capacity of the walls, enhanced by its vertical pre-compression. According to them, the
ability of an unreinforced masonry wall to displace out of plane at its centre by up to the wall thickness
without collapsing is counter to the conventional wisdom that unreinforced masonry components are
“non-ductile”. This significant displacement reserve in the seismic resistance capacity of an unreinforced
masonry wall has not been taken into account in contemporary force-based calculation procedures. An
important finding from this study is that such reserve displacement capacity is even more substantial
with walls subjected to significant two-way bending actions [142]. Using a test setup similar to Griffith
et al. [142] but resorting to waterbags, Mosallam [143] performed out-of-plane tests on masonry walls
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in order to assess the efficiency of FRP (e-glass/epoxy and carbon/epoxy) strengthening techniques to
improve the out-of-plane flexural performance.
Figure 2.17: Airbag loading arrangement [142]
Four years later, a series of shaking-table tests was presented by D’Ayala and Shi [91] as a part of an
experimental program to validate the development of simple dynamic models for masonry structures along
the same lines used for limit analysis. This work is founded in several previous theoretic and experimental
studies (for instance [25,144–146]), which have shown that starting from limit state analysis and pseudo-
static tests, it is possible to derive a consistent model of behaviour of cracking and damage of historic
masonry subjected to lateral action as well as that such behaviour can be correlated to a relatively small
numbers of geometric and structural parameters, without relying on stress analysis [91]. According to
D’Ayala and Shi [91], while results of these studies are confirmed by in situ observation of damage on
buildings subjected to earthquakes, their static nature fails to provide insight in the damaging process
and hence fails to accurately quantify the strength and “ductility” resources that are available during
the hysteretic behaviour. It is also argued that notwithstanding the constituent materials of masonry,
bricks or blocks and mortar, are not ductile, substantial dissipation of energy can take place during the
damaging process at the cracks interfaces due to sliding and rocking of portions relative to each other,
and hence via friction and impact.
Recently, Al Shawa et al. [90] performed 34 shaking table tests on a single tuff masonry fac¸ade with two
returning walls (U-shaped configuration) (see Figure 2.18). Although only one specimen was used, inter-
esting results were found regarding the influence of the input motion properties on the overturning of the
fac¸ade (behaved approximately as a rigid body undergoing a rocking motion). Such experiments showed
the existence of a significant dynamic reserve of stability of monolithic fac¸ades (with good transversal
bond) after entering in rocking motion, usually neglected in current assessment procedures.
Figure 2.18: Test setup adopted by Al Shawa et al. [90] in the out-of-plane tests (from Al Shawa et al. [90])
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With similar objectives to Al Shawa et al. [90], A.A.Costa et al. [147] performed an out-of-plane
shaking table campaign of a regular sacco stone masonry fac¸ade (U-shaped with gable and window
opening). In this work, the authors presented a technique to select an input ground motion which would
overturn the fac¸ade without inducing severe damage prior to mechanism’s trigger. For this purpose,
they performed several numerical analyses making use of rigid-body simplification, considering 3 possible
failure mechanisms of the fac¸ade and 74 accelerograms as possible inputs. Moreover, they observed
that the triggering of the mechanism occurred, in the one hand, to a PGA value similar to force-based
calculation but, on the other hand, a significant energy dissipation and displacement capacity was available
after mechanism triggering, in the same line as observed by Al Shawa et al. [90]. They also proved that
energy-based principles to estimate the minimum overturning velocity could be used and, for multiple
leaf masonry walls, assessment procedures should consider the thickness of the outer leaf and not by the
full wall thickness.
2.4.2 In situ tests
As has been reported herein, several works have been made to date concerning the out-of-plane seismic
behaviour of unreinforced masonry elements aiming at characterising their behaviour under horizontal
loads by making use of analytical methods, numerical simulation or experimental laboratory tests. How-
ever, few experimental works under in situ conditions have been presented to date. The first in situ
experimental campaign aiming at characterising the out-of-plane behaviour of masonry structures was
carried out in the year of 2002 by A. Costa [148]. In this work, the author implemented an expedite
loading apparatus composed by steel lattice frames attached to the walls, through which horizontal forces
and bending moments, in the normal direction to the wall plane, were induced. Loads were made up of
a metal reservoir, filled with sand, and suspended from the steel frame by a steel cable. The weight of
the sand was controlled during the various phases of the loading process and an opening at the bottom
of the bucket permitted the sand discharge. This expedites loading setup, presented in Figure 2.19,
served as a mote to discuss the role of testing techniques on the definition of adequate rehabilitation and
strengthening procedures for pre/post-earthquake interventions.
(a) (b)
Figure 2.19: Loading apparatus adopted by A. Costa [148] on the experimental tests (from A. Costa [148])
In 2003, Tumialan et al. [137] presented a work in which a set of unreinforced masonry walls strength-
ened with composites and subjected to out-of-plane loading were tested to failure. However, the test
setup adopted in this experiment was not able to perform cyclic reversal loads controlled through an
hydraulic actuator which represents a clear limitation on the reproduction of real loading conditions.
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About five years later, Areˆde et al. [149] performed an in situ experimental campaign carried out on
traditional masonry houses abandoned after the 1998 earthquake that hit the Faial island of Azores, where
a novel test setup based on a self-equilibrated scheme was proposed and validated. In this experimental
program, 5 specimens were tested aiming at characterising the out-of-plane behaviour of stone masonry
walls and some of the strengthening solutions recommended for post-earthquake interventions. It is worth
mentioning that this was not the first time that a self-equilibrium test setup was used but the way it was
developed and applied in this work represented a step forward on the characterisation of masonry walls
of the existing constructions once that a specific external reaction structure can be waived. The loading
system was composed by hydraulic devices placed at the top of the walls and connected to them through
hinged links. This work was then detailedly presented and discussed in [28].
Dizhur et al. [150] developed in 2009 an in situ testing program under which airbag tests were per-
formed on 2 non-load bearing partition walls at the William Weir Wing of Weir House, in the city of
Wellington, New Zealand. The 3 storey building was comprised of reinforced concrete perimeter walls
with cement plaster and terracotta masonry interior facing with unreinforced terracotta masonry parti-
tion walls. One wall was tested in the as-built condition and the second wall was retrofitted with Carbon
Fibre Reinforced Polymers (CFRP) using the Near Surface Mounting (NSM) technique. The pseudo-
static tests were performed on the surface of the 1-leaf clay brick terracotta masonry walls by applying
uniform pressure with vinyl airbags (a very similar experiment carried out by the same team can be found
in [151,152].
2.5 Final remarks
A review of the main contributions on the field of out-of-plane behaviour of masonry structures, focusing
on the main topics addressed, problems found and conclusions obtained, was presented herein. Every
effort was made to compile a sample of works as representative as possible, both historically and geograph-
ically; even so, the authors concede that eventually some works may have been overlooked. Nonetheless,
it is believed that the most important and most widely works and methods have been included in this
review. Following the order in which the different methodologies were being presented throughout the
text, some conclusions concerning the main advantages and limitations of each formulation can be pointed
out:
Force-based methods: The main advantage of force-based methods lies on the simplicity of their ap-
proach which allows the development and the implementation of light and practical computational
tools characterised by a reduced number of input parameters. Such fact turns these tools partic-
ularly valuable on the design of new masonry structures as well as on the assessment of historic
ones for which the input data is usually difficult, or even impossible, to obtain in an accurate
manner. Furthermore, due to their simplicity, force-based methods are also suitable for large scale
evaluations containing a large number of buildings. Despite the foregoing advantages, force-based
approaches led to too conservative limit values which represent a clear limitation;
Displacement-based methods: The main advantages of displacement-based methods are founded on
the fact that, under dynamic loading, the out-of-plane resistance of masonry walls tends to be ruled
by the magnitude of maximum displacement. Thus, when compared with force-based methods,
displacement-based design philosophies provide a more rational means of determining seismic design
actions for unreinforced masonry walls. Additionally, as demonstrated by Doherty et al. [64], on the
basis of a displacement-based approach it is further possible to describe the out-of-plane response
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of an unreinforced masonry wall, in terms of lateral static strength and ultimate displacement, only
resorting to its geometry, boundary conditions and applied vertical forces. Thus, eventual doubts
concerning the reliability of the results, caused by the inevitable uncertainties in the mechanical
characterisation of the materials, can be avoided (see Section 2.2.2.1). The principal limitation
of such formulations relies on the quantification of the displacement limit parameters which are
calibrated based only on experimental data;
Numerical-based methods: As was previously highlighted, the selection of a numerical tool is often
a complex and non-consensual task. In fact, this choice should be founded in a set of aspects,
namely the compatibility of the analysis tool, the kind and the amount of information available, the
availability and the cost of the availability of the tool itself as well as the available financial resources
and time requirements; all aspect that could compromise the applicability and the efficiency of
a numerical analysis. Nevertheless, and as is stated by Lourenc¸o [153] who has deeply studied
the numerical analysis of masonry constructions, independently of the type of strategy adopted,
accurate masonry models can only be obtained if (and only if) a reliable material description,
properly validation by comparison with a significant number of experimental data, is available.
Furthermore, in [18] the same author adds that it is always better to model structural parts than
complete structures and full-structure three-dimensional models as well as linear elastic calculations
for historical structures should be avoided;
Experimental methods: Over all other evaluation techniques, experimental works presents the great
and obvious advantage of dealing with real structures and real observations rather than analytical
or numerical models. Nevertheless, such advantage is also the worst limitation of these kinds of
methods since the reproduction of realistic and representative loading conditions are often difficult
to guarantee. Moreover, laboratory tests also deals with further common limitations and difficulties
regarding the correct reproduction of existing materials and real in situ conditions (boundary con-
ditions, loadings, etc.). In addition, scale effects inherent to the testing of reduced scales specimens
are difficult to avert.
Bearing in mind the exposed, it is worth underlining a general conclusion that force-based methods,
which are based on the static quantification of a trigger force, are a too conservative type of analysis for
existing masonry walls. Indeed, this fact has been corroborated by several experimental and numerical
observations. Moreover, displacement quantities (in the form of spectral and/or ultimate displacement)
or velocity measures (as spectral velocity) may be used for the assessment of the out-of-plane behaviour
of masonry walls. Thus, in a general form, force-based approaches may be used to estimate the minimum
acceleration value which may trigger a certain local mechanism but, in order to correctly assess its
out-of-plane behaviour, a step forward should be made by integrating available analytical procedures
(displacement or energy-based) for post-cracking assessment and/or full dynamic behaviour.
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PART A
Experimental work
Summary This Part A is devoted to two experimental campaigns aiming at characterising the out-of-plane
seismic performance of stone masonry walls. Chapter 3 presents a field experimental work carried out on a
real one-storey masonry building to study the cyclic response of three similar masonry walls under distinct
strengthening conditions (original, retrofitted and strengthened) and resorting to a test setup based on a self-
equilibrated airbag system. Regarding Chapter 4, it is dedicated to a laboratory campaign in the scope of which
six full-scale stone masonry walls were tested with two different loading techniques, under three different pre-
compression states.
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CHAPTER 3
OUT-OF-PLANE CYCLIC RESPONSE OF TRADITIONAL STONE MASONRY
WALLS UNDER DIFFERENT STRENGTHENING CONDITIONS
Out-of-plane cyclic response of traditional stone masonry walls under different strengthening conditions: An in situ
experimental analysis. Journal of Earthquake Engineering, Manuscript ID:UEQE-2014-1865 (under revision).
Abstract This chapter presents a field experimental campaign carried out on an existing one-storey stone ma-
sonry building aiming at characterising the out-of-plane behaviour of its walls. A bidirectional test setup based
on a self-equilibrated airbag system was developed and used on three similar masonry walls under distinct con-
ditions: original, retrofitted and strengthened. The results obtained and the main advantages and shortcomings
found in the test setup are discussed. Finally, some of the most popular retrofitting and/or strengthening
techniques applied during the 1998 Azores reconstruction process are critically analysed, aiming at suggesting
quantifications for future interventions on existing unreinforced masonry buildings.
Chapter outline
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3.2 Brief literature review on the out-of-plane testing of masonry structures
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3.5.1 Bidirectional test
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3.5.2.1 Experimental evidences
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3.5.2.3 Analysis of the frequencies decay
3.5.2.4 Overall comparison of efficiencies
3.6 Brief discussion on the adequacy of the used experimental techniques
3.7 Final remarks
3.1 Introduction
Stone masonry is one of the oldest building techniques used worldwide. Moreover, despite considered
as the simplest type of structure system concerning its assemblage, it is undeniable that, at the same
time, it is one of the most complex construction materials in terms of mechanical properties and be-
haviour assessment. Notwithstanding this fact, its behaviour under seismic excitations is predominantly
poor, buttressing the need for the preservation of such valuable heritage, which should be protected
and safeguarded. Experimental studies are widely recognised as fundamental contributions for a correct
characterisation of structural components accounting for its constitution, behaviour, mechanical char-
acteristics, etc. However, and despite the already mentioned value of this heritage, traditional stone
masonry still lacks of experimental characterisation, particularly concerning its out-of-plane behaviour,
which represents one of the most life-threatening collapse mechanisms.
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Bearing in mind the exposed, this chapter describes an experimental campaign carried out in order
to characterise the out-of-plane behaviour of traditional stone masonry elements. Taking advantage of
some traditional masonry buildings abandoned in the sequence of the 1998 Azores earthquake, a set
of four in situ tests were prepared and performed with the application of quasi-static surface loads by
means of a self-equilibrated airbag system. In addition, minding the analysis of some of the most popular
retrofitting and/or strengthening solutions applied during the 1998 Azores reconstruction process, four
stone masonry walls, under three distinct conditions (original, retrofitted and strengthened) were tested
in order to assess such solutions in terms of their real effectiveness.
3.2 Brief literature review on the out-of-plane testing of masonry structures
Several experimental works have been made concerning the analysis of the out-of-plane seismic behaviour
of masonry elements, making use of laboratory or in situ tests. As stated by Costa et al. [88], one
of the main objectives of the out-of-plane testing of masonry panels is the properly understanding and
simulation of the seismic action effects. However, because of the horizontally and vertically distribution
of the walls mass, the testing systems used inside laboratory environments have mainly resorted either
to shaking table tests (as are the cases of [154] and [155]) or to the use of airbags (e.g. [142] for lab
experiments and [156] for in situ tests) and water bags (e.g. [143]), aiming at reproducing the distributed
inertia forces resulting from seismic action [29].
One of the first in situ experimental campaigns thought to characterise the out-of-plane behaviour of
masonry structures was carried out in 2002 by Costa [148]. In its scope, an expedite loading scheme was
used to test a series of traditional stone masonry panels wherein loads were made up of metal reservoirs
filled with sand, suspended from a steel frame by means of a steel cable. Such simple loading scheme
served as a mote to discuss the role of testing techniques on the definition of adequate rehabilitation and
strengthening procedures for pre- and post-earthquake interventions.
In 2003, Tumialan et al. [137] presented a work where a set of unreinforced brick masonry walls
were subjected to out-of-plane loading to failure. However, the test setup adopted in this experimental
campaign was not able to perform cyclic reversal loads, fact that represents a clear limitation on the
reproduction of real loading condition. About five years later, Areˆde et al. [149] performed an in situ
experimental campaign where a novel test setup, based on a self-equilibrated scheme, was proposed and
validated. In this experimental program, five specimens were tested aiming at characterising the out-of-
plane behaviour of both original and reinforced stone masonry walls. Further similar in situ experiments
were also performed by the same research group (see for example [28,29]).
Dizhur et al. [150] presented in 2009 an in situ testing program under which airbag tests were carried
out on two non-load bearing partition walls. Pseudo-static tests were performed on the surface of one-
leaf clay brick terracotta masonry walls by applying uniform pressure with vinyl airbags (a very similar
experiment carried out by the same team can be found in [151, 152]). Later in 2011, Derakhshan [156]
presented a comprehensive quasi-static in situ testing programme wherein a set of full-scale two-leaf
and three-leaf unreinforced masonry walls were subjected to out-of-plane uniform forces. The main
objective of this experimental campaign was to develop an idealised predictive model for the out-of-plane
behaviour of unreinforced masonry walls, by accounting the effects of different mortar mixes, multi-leaf
construction and overburden loads. Following this work, the same author analysed the post-cracking
out-of-plane behaviour of multi-leaf unreinforced masonry walls in the upper two of three stories of
unreinforced masonry buildings, see [96]. Among other purposes, this tests intended to experimentally
evaluate the uncracked resistance of one-way spanning URM walls, the post-cracking maximum lateral
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resistance of the URM walls, the ratio of this resistance to those calculated assuming rigid-body rotation
of wall segments, and finally the sensitivity of this ratio to the applied overburden. In this sense, six
full-scale one-way spanning two-leaf and three-leaf unreinforced masonry walls were subjected to one-way
out-of-plane bending using a system of airbags.
Recently, Derakhshan et al. [157] conduced in situ static airbag tests in four buildings, aiming at
evaluating the out-of-plane behaviour of as-built and retrofitted unreinforced masonry walls. The test
program included the test of five one-way vertically spanning solid unreinforced masonry walls from a
group of three unreinforced masonry buildings and the additional test of four two-way spanning unrein-
forced masonry partition walls from a reinforced concrete frame building. Some of the walls were next
retrofitted by adding either near-surface mounted (NSM) carbon fiber reinforced polymer (CFRP) strips
or NSM twisted steel bars (TSBs) and were then retested. A comparison between the results of the tests
on as-built walls and the tests conducted on retrofitted walls, as well as a final application of an analytical
trilinear elastic model were presented and discussed by the authors.
3.3 Overall characterisation of the traditional Azorean constructions
According to Costa and Areˆde [158], traditional rural Azorean buildings can be divided into two major
groups: (i) one-storey rural buildings, generally modest and located in flat rural areas; and (ii) two-
storey semi-rural houses, most common in urban centres of rural wards, terraced or detached when built
in slopes. Regarding their structural system, these two building types generally present external basalt
stone masonry walls as main load bearing elements (see Figure 3.1). In larger buildings, in addition to
such external walls, it is also possible to note the presence of a load-bearing wall parallel to the fac¸ade,
running all the way from the ground floor to the roof. Wood and plaster partition walls are commonly
used in order to divide the building’s internal space.
(a) traditional Azorean buildings (b) outer face (c) transversal section
Figure 3.1: Examples of one and two-storey traditional rural Azorean buildings and example of a typical
irregular sacco stone masonry wall
37
Chapter 3. Out-of-plane cyclic response of traditional stone masonry walls under different strengthening conditions
Depending on the economic resources of the owners, two different types of constructive typologies can
be found in traditional rural Azorean constructions: (i) regular masonry walls made of well-trimmed stone
blocks, materialising double-leaf stone masonry walls with adequately interlocked corners, and regular
horizontal stone courses where large sized stones appear alternated along the wall length with other stones
(through stones), in order to link the two leafs of the wall; and (ii) irregular masonry walls with “burnt
stone” blocks, placed and treated with more or less care depending on the master builder.
The outer face of such walls (external leaf) is generally more regular than the inner one and quite
often with a surface mortar cover. The arrangement of blocks around the openings, especially at door
alignments, includes larger and more regular stone blocks than the other zones of the wall. In common,
these two constructive typologies present a two-leaf section of about 65-70 cm thick with a poor infill
composed by rubble material (sacco masonry). Two representative examples of traditional rural buildings
and a typical Azorean irregular masonry section wherein the above-mentioned features can be observed
are presented in Figure 3.1.
3.4 In situ experimental campaign
An overall description of the main features of the masonry building where this experimental campaign
was conducted is presented in this section. In addition, a general overview of the testing scheme and the
strengthening and retrofitting techniques applied is also included in the following paragraphs.
3.4.1 Structure and tested panels
The out-of-plane tests reported in this chapter took place on a building designed as Casa Nova (CN),
which was damaged (partial collapse of roofs and local failures) and left abandoned in consequence of
the seismic crisis that struck the Azores archipelago, particularly the Faial Island, in the 9th of July
1998. Located in Sala˜o village, this is a typical one-storey rural building (according to the classification
presented in Section 3.3) consisting on traditional sacco stone masonry, constituted by 0.8 m thick walls.
Concerning the material and constructive features, CN presents regional basaltic stone material in a dry
joint masonry solution (without any type of mortar), presently covered with cement-based plasters (see
Figure 3.1 (b) and (c) and Figure 3.2). Notwithstanding this fact, it is worth to adding that this kind of
masonry walls were usually coated in both faces with traditional plasters made up of a mixture of clay
and lime [Costa 2002]. Based on the traditional constructive practice of the region, the roof (as already
stated, no longer present) should have been made of wooden rafters, connected to the main and back
walls, supporting ceramic tiles.
The building has a rectangular configuration in plane, with approximately 15.20 m long by 6.00 m
wide and a total height of 2.60 m (see Figure 3.2 and Figure 3.3). Originally, it was composted by a main
fac¸ade wall (eastern faced) which presented five openings distributed in a non-symmetric form (two doors
and three windows); an almost “blind” southern wall, with a single opening; and two triangular gables
in the laterals, one of them (the southern faced) presenting one horizontally centred opening (Figure 3.2
(a)). Taking advantage of the building’s morphology, the out-of-plane quasi-tests were performed in the
three walls identified in Figure 3.2 (refer to CN-02, CN-03 and CN-04) under different initial conditions:
original, retrofitted and strengthened. It should be referred that the spandrel beams were removed in
order to obtain well-known boundary conditions (cantilever walls).
Knowing the specimens’ initial conditions, it was intended, not only to characterise their out-of-plane
response but also to evaluate the efficiency of some of the retrofitting and/or strengthening solutions that
were broadly applied after the 1998 Azores earthquake (described here in Section 3.4.3). Bearing in mind
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(a) southern view (b) main fac¸ade wall (c) internal view
(d) identification of the three tested walls
Figure 3.2: Building Casa Nova
this objective, the experimental campaign herein presented was subdivided into two distinct phases. In
the first phase, wall CN-03 (in original conditions) was tested resorting to a bidirectional loading setup
and then retrofitted with the retrofitting technique presented afterward in Section 3.4. In a second phase,
an unidirectional loading setup was applied in the out-of-plane tests of the three walls CN-02, CN-03 and
CN-04, respectively, under strengthened, retrofitted and original (unreinforced) condition, being then
named as CN-02S, CN-03R and CN-04 (these designations are explained in Section 3.4.3).
3.4.2 General overview and description of the testing scheme
It is recognised that one of the main problems in testing existing masonry structures under laboratory-
controlled environment lies on the correct reproduction of material use and masonry fabric. However,
and despite the already stated fact that traditional stone masonry structures lack of reliable experimental
characterisation, most of the actual field test setups still do not guaranty that real service conditions
are correctly reproduced (e.g. boundary conditions, acting loads, etc.). Bearing this in mind, one of
the key issues of this work consisted on the definition, implementation and validation of two in situ
testing schemes that could be used, in a practical and reliable way, on unidirectional and bidirectional
out-of-plane tests of real masonry walls. Three fundamental common requirements were pre-defined
on the designing phase of the testing schemes: (i) straightforward implementation; (ii) reduced time
for each test including a light and portable system; (iii) possibility of being used on the assessment of
existing buildings in rehabilitated/strengthened condition. Aiming the accomplishment of these three
requirements, the main support of the test setup developed for this experimental work is based on a
self-equilibrium action/reaction scheme making use of some existing structural elements in the tested
building. The great advantage of this setup is the absence of specific external reaction elements, since
the system is self-equilibrated with the building’s wall, obtaining this way the necessary reaction force.
Thus, the back wall of the building (parallel to the tested wall) was used as reaction element, together
with a tridimensional reaction frame composed by steel hollowed rectangular and tubular elements with
60 mm diameter (see Figure 3.3).
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Figure 3.3 (a) and (b) shows the in situ implementation of the two test setups used in the bidirectional
and unidirectional test, respectively.
(a) bidirectional test
(b) unidirectional tests
Figure 3.3: In situ apparatus and implemented testing schemes
In order to distribute the compression loads conveyed by the testing system, plywood planks were
placed between the surface of the loading system and the reaction frame, working as back reaction surface
(unidirectional tests). For bidirectional tests, a supplementary reaction surface is coupled at the front of
the tested wall (see Figure 3.3 (a)). Besides the steel and the timber structures, the test system included
a set of six nylon airbags (three on each side of the wall for the bidirectional test), an air compressor,
valves to control the input/output air pressure and flow and a pressure reducer. All these devices are
connected through a set of hoses (with φ=8 mm and φ=14 mm), which gradually inflate the airbags
according to the displacement controlled loading histories illustrated in Figure 3.4.
(a) bidirectional test (b) unidirectional tests
Figure 3.4: Displacement histories used in the quasi-static tests
As can be seen in that figure, the horizontal loading history used in the unidirectional tests consisted
on performing two complete displacement controlled cycles, alternated by two smaller cycles with half the
amplitude of the previous, before increasing the amplitude by 25 mm. This load history was defined so
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as to make it possible to observe the hysteretic behaviour of the walls caused by the unloading/reloading
in the same direction. Moreover, two small initial cycles of 6 mm were used in order to analyse the linear
elastic behaviour of the wall, while two cycles of 25 mm peak attended to reach its maximum strength
without significant damage. Regarding the horizontal loading history used in the bidirectional test, it
consisted on two complete positive to negative displacement controlled cycles progressively incremented
of ±10 mm. As in the case of the unidirectional displacement history, two small initial cycles of ±5 mm
were performed with the aim of capturing the linear elastic mechanical properties of the wall.
It is worth noting that the application of distributed load resorting to an airbag system is not a pioneer
experience (some past works were already described in Chapter 2 and Section 3.2). However, the way
how both these test setups are implemented in the experimental campaign, associated with the original
configuration of the reaction structure, could constitute a step forward in the out-of-plane in situ testing
of real masonry structures. Plus, the capacity of this loading system to apply both unidirectional and
bidirectional cyclic loads, with a maximum load capacity of 100 kPa and a maximum top displacement
capacity of 300 mm (both in the inward and outward direction), should be also highlighted.
During the tests, the walls response were monitored through a set of 14 draw-wire displacement
transducers disposed in accordance to the depicted in Figure 3.5 and properly connected to a data
acquisition system. Simultaneously, the pressure inside the airbags was continuously measured by means
of a pressure transducer to obtain the force applied at the wall.
(a) bidirectional test: monitoring scheme used in wall CN-03
(b) unidirectional tests: monitoring schemes used in walls CN-02S, CN-03R and CN-04
Figure 3.5: Monitoring scheme used in the bidirectional and in the unidirectional tests
3.4.3 Strengthening and retrofitting techniques
As a result of the extensive damages observed after the 1998 Azores earthquake (reported for example
in [159, 160]), several strength and retrofit interventions were performed on the existing Faial building
stock. Actually, a vast number of different techniques were applied at the time in order to increase the
seismic performance of such buildings. In this scope, some major guidelines were addressed by Costa and
Areˆde [158] and Carvalho et al. [161] for the post-earthquake interventions, similar to those included in
current Eurocode 8 - Part 3 - Annex C.5 [1].
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The technique applied and analysed in this work is based on the improvement of the connection
between leafs, consisting of a sort of reinforced concrete jacketing, as recommended in Eurocode 8 -
Part 3 - Annex C.5.1.7 [1]. The application of such technique in the Azorean masonry buildings is
full described and discussed in [28]. There, the authors state that taking into account the way of this
technique is effectively implemented in situ, such terminology “reinforced concrete jacking” is probably
too strong and should therefore be replaced by the designation of “reinforced connected plaster”, mainly
because it is actually made of plaster (binder and small aggregate, typically thin-medium grain size sand),
it is reinforced with an appropriate steel mesh and it consists of two leafs, one in each wall face (internal
and external) which are connected by appropriate rods duly anchored within the leaf thickness.
Figure 3.6 presents a schematic representation of a reinforced section as well as a picture with the
application of such strengthening technique.
(a) schematic representation (b) execution of the strengthening technique
Figure 3.6: Wall strengthened with reinforced steel mesh [28]
The overlap of the steel mesh was defined herein as 0.10 m in the longitudinal direction and 0.15 m
in the vertical direction, while the mesh was oriented with the larger steel percentage in the transverse
horizontal cross section (depicted in Figure 3.6 (b)). Even though this work is only focused on the
assessment of the out-of-plane behaviour of the wall, it is worth noting that this procedure is also able
to optimize its strength, for both in-plane and out-of-plane behaviour. It is important to clarify that
depending on when it is applied, this technique can be considered a strengthening or a retrofitting
procedure. Thus, when it is applied prior to the earthquake (or prior to damage due to experimental
test), it is considered as a strengthening scheme (CN-02S), while when it is applied after the earthquake
(or applied in a tested wall) it is designated as a retrofitting technique (CN-03R). Further information
about this technique, namely concerning the costs associated to its application, can be found in [28].
3.5 Results and data interpretation
As introduced before, the tests were carried out according to the sequence presented in Table 3.1. Wall
CN03 was first tested resorting to the bidirectional test setup. Subsequently, walls CN-03 and CN-
02 were respectively retrofitted and strengthened by means of the technique described in Section 3.4.3
(hereinafter as CN-03R and CN-02S), and tested together with wall CN04 (in original condition) resorting
to the unidirectional test setup.
Table 3.1: Test sequence, setup and wall condition
Test
Wall Test setup Wall condition
sequence
#1 CN-03 Bidirectional Original (unreinforced)
#2 CN-03R Unidirectional Retrofitted
#3 CN-02S Unidirectional Strengthened
#4 CN-04 Unidirectional Original (unreinforced)
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The experimental data obtained from the in situ tests are presented and discussed in the following
paragraphs, grouped in function of the test setup used. Note that all the hysteretic curves presented next
were treated on the basis of the scheme of forces depicted in Figure 3.7.
(a) bidirectional test (b) unidirectional test
Figure 3.7: Force resultants acting on the wall
In order to directly compare all the experimental results, they are plotted in the form of overturn-
ing moment versus rotation curves. The values of overturning moment were computed with the resul-
tant force, noting that the force values presented in the right axis of the overturning moment-rotation
graphs correspond to the resultant force obtained from the surface pressure measured during the tests
(Figure 3.7). Last but not least, it is worth mentioning that the above results were corrected using a
correction factor that accounts for the effective pressure inside the airbags in function of their insufflation
level. Despite the importance of this aspect, its discussion is out of the scope of this thesis. However,
further considerations about this issue can be found in [162].
3.5.1 Bidirectional test
3.5.1.1 Experimental evidences
Figure 3.8 presents the overturning moment versus rotation curves obtained for wall CN-03 (positive
values refer to outward motion, Figure 3.7), tested in original (unreinforced) condition. The corresponding
response envelopes obtained for both the outward and the inward direction are also included in this figure.
(a) hysteretic curves
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(b) response envelopes
Figure 3.8: Bidirectional test: overturning moment versus rotation results
As can be seen in Figure 8, and it is further summarised in Table 3.2, maximum overturning moment
values of 23.9 kNm and 25.5 kNm were reached, respectively in the outward and in the inward direction
43
Chapter 3. Out-of-plane cyclic response of traditional stone masonry walls under different strengthening conditions
and for about 9.1% and 2.3% of the ultimate rotation to the wall thickness ratio (θ/θt). In addition,
initial and effective stiffness values of 1300.5 kN/m and 883.7 kN/m, in the inward direction, and 1077.7
kN/m and 583.5 kN/m, in the outward direction, were obtained respectively from 10% to 40%, and
70% of the maximum experimental overturning moment, Mmax. Regarding post-peak results (refer to
Table 3.2), it is important to stress that for safety reasons the test were not accomplished until a strength
decrease of 20% in the outward direction, as commonly adopted for lab experimental tests. However,
such decrease was substantially exceeded in the inward direction where a value close to 40% was attained,
which represents a more realistic approach because the collapse of these walls is mainly due to local or
global instability rather then strength capacity.
Table 3.2: Summary of the results obtained from the bidirectional test
Direction
Kini Keff
Peak results Post-peak results
Mmax θmax θmax/θt Mu Mu/Mmax θMu θMu/θt
(kN/m) (kN/m) (kNm) (rad) (%) (kNm) (%) (rad) (%)
Outward 1300.5 883.7 23.90 0.027 9.14 21.75 91.0
0.046 15.0
Inward 1077.7 583.5 25.25 0.007 2.34 15.66 62.0
From the observation of Figure 3.8 it is clear the non-symmetric response of the wall in both directions.
This behaviour is caused by different free height of the wall which is larger outside than inside the house
due to the internal pavement located about 30 cm upper than the external one. Thus, for outward motion,
the panel is more flexible and allows accommodating larger deformation without significant strength loss,
resulting in increased apparent displacement ductility for this motion sense. This effect is further justified
also by the presence of a good cement mortar cover at the external surface (thicker and stronger than the
internal one) and by the larger wall width of that surface (see Figure 3.3). All these effects summed-up
lead to lower apparent displacement ductility for inward motion, but also to quite reasonable ductility
values for outwards displacement (which are those of most concern for this type of construction, because
the internal sense of motion is restricted by roofs and floors).
However, in order to clarify the “final” outward response of the wall, after stopping CN-03 bidirec-
tional test, a second one was carried out (CN-03 Reload) by pushing the wall on the outward direction
(positive sense), though starting from the previous residual displacement of 111 mm (about -0.046 rad).
Plotting the overturning moment-rotation curves and the corresponding response envelops of both tests
(Figure 3.9), it can be seen that the outward strength degradation is not as intense as for inwards direction
and the overall behaviour shows more apparent displacement ductility.
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Figure 3.9: Post-test unidirectional reload: overturning moment versus rotation results
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Figure 3.10 presents the two height wise horizontal displacement profiles obtained from the bidirec-
tional test (one in each motion direction) and the height wise horizontal displacement profile obtained
from the post-test unidirectional reload. From the analysis of the first result (Figure 3.10 (a)), it is pos-
sible observing a linear displacement pattern up to 1.75 m height. This evolution turns into non-linear
from that level up to the top (2.41 m), which can be related with the fact that the upper part of the wall
was more deteriorated due to the demolition of the connection between the wall and the window lintel
(depicted in Figure 3.5 (a)). Similar response was found in the post-test unidirectional reload presented
in Figure 3.10 (b).
(a) bidirectional test (b) post-test unidirectional reload
Figure 3.10: Height wise horizontal displacement profiles of wall CN-03
3.5.1.2 Energy dissipation capacity
As the capacity of the masonry elements to dissipate energy is one of their key structural properties
when they are subjected to seismic load, the energy dissipation capacity of the wall, herein analysed on
the basis of the hysteretic energy dissipated during the bilinear test, was evaluated considering the area
of each load cycle. The result of such analysis is presented in Figure 3.11 both in terms of cumulative
dissipated energy (a) and individual cycle energy (b).
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Figure 3.11: Energy dissipation capacity of wall CN-03
The graphs presented in Figure 3.11 evidence a linear increase of the dissipated energy at an ap-
proximately constant rate, which is in agreement with the progressive damage observed during the tests.
Plus, the linear trend of both the horizontal displacement profiles shown in Figure 3.10 and the evolution
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of the dissipated energy are consistent with the essentially rocking type response exhibited by the wall
CN-03. Additionally, in order to characterise the hysteretic behaviour of the wall, Figure 3.12 presents
the evolution of the equivalent hysteretic damping computed resorting to Eqn. (3.1) [163]:
ξeq = 100× Ah
2pi · Fmax · dmax (%) (3.1)
where Ah represents the area inside one hysteretic loop, while Fm and dm are the maximum force and
the maximum displacement achieved in this loop.
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Figure 3.12: Evolution of the equivalent hysteretic damping during the bidirectional test
From the equivalent hysteretic damping results, ξeq, shown in Figure 3.12, average values of about
5% and 7% were obtained respectively for the outward and the inward motion. From the analysis of
the Figure 3.12 (a) it is worthy of mention that the shape of the hysteretic damping curves, with a
well-defined plateau, suggests that the total capacity of wall CN-03 to dissipate energy was well explored
in the bidirectional test. Figure 3.12 (b) presents the relation found between the wall’s rotation and the
evolution of the equivalent hysteretic damping.
3.5.2 Unidirectional tests
3.5.2.1 Experimental evidences
Following the same presentation sequence used for the bidirectional test, the main experimental evidences
obtained from the unidirectional tests on walls CN-04, CN-03R and CN-02S are presented and discussed
in this subsection. Figure 3.13 presents the overturning moment versus rotation curves obtained for each
one of these walls.
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Figure 3.13: Unidirectional tests: overturning moment versus rotation
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From the observation of the results plotted in Figure 3.13 it is perfectly visible the significant strength
increase exhibited by the reinforced specimens (CN-02S and CN-03R). In particular, concerning the
comparison of the results for panels CN-02S and CN-03R, the former clearly exhibits a larger strength
capacity, especially in the range of small rotations (less than 0.02 rad). Maximum overturning moment
values of 15.6 kNm, 21.5 kNm and 24.2 kNm were reached respectively for panels CN-04, CN-03R and
CN-02S, corresponding to 3.7%, 8.8% and 1.5% of the thickness ratio θ/θt. Furthermore, initial stiffness
values of 782.63 kN/m, 1055.38 and 1711.44 kN/m, as well as effective stiffness values of 574.29 kN/m,
948.69 kN/m and 1527.90 kN/m were obtained for each one of the tested panels (see Table 3.3). Finally,
in terms of strength decrease, the reference value of 20% was greatly exceeded in all tests (post-peak
results). As pointed out for the unidirectional test, this can be seen as a more realistic approach once
the collapse of these walls is mainly due to local or global instability rather then strength capacity.
Table 3.3: Summary of the results obtained from the unidirectional tests
Wall
Kini Keff
Peak results Post-peak results
Mmax θmax θmax/θt Mu Mu/Mmax θMu θMu/θt
(kN/m) (kN/m) (kNm) (rad) (%) (kNm) (%) (rad) (%)
CN-04 782.6 574.3 15.56 0.015 3.68 10.32 66.3 0.189 63.3
CN-03R 1055.4 948.7 21.50 0.027 8.76 13.84 64.4 0.153 49.1
CN-02S 1711.4 1527.9 24.21 0.005 1.49 13.74 56.8 0.192 63.8
The height wise vertical displacements’ profiles during the unidirectional tests for three increasing
load cycles (4th, 8th and 11st load cycle) are presented in Figure 3.14. In general terms, the vertical
displacements’ profiles show that the walls were globally mobilised by the test setup, behaving in flex-
ural/rocking mode in the whole range of displacements. As observed in the case of panel CN-03, some
concentrated damage was also observed in the top of the panels.
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Figure 3.14: Height wise horizontal displacement profiles of panels CN-04, CN-03R and CN-02S for three
increasing load cycles
3.5.2.2 Energy dissipation capacity
Both the cumulative dissipated energy curves, Ek, and the individual cycle energy curves, presented in
Figure 3.15 (a) and (b) respectively, reveal the efficiency of the applied strengthening technique in terms of
energy dissipation capacity. In agreement with the above-presented displacement results, the strengthened
panels CN-03R and CN-02S exhibited larger energy dissipation capacity when compared with the non-
strengthened panel CN-04, for the same displacement level. However this fact, the individual cycle energy
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curves here presented in Figure 3.15 (b) indicate that, in general, all panels exhibited a regular behaviour
in terms of energy dissipation, which, it is worth stressing, was already suggested by the regular shape of
the hysteretic curves depicted in Figure 3.13 (a). As it is further possible to observe, strengthened and
retrofitted walls possess similar energy dissipation capacity, despite the higher strength of the former.
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Figure 3.15: Energy dissipation capacity of panels CN-04, CN-03R and CN-02S
As in the case of the bidirectional tests, the hysteretic behaviour of the panels captured during the
unidirectional tests is herein characterised by the equivalent damping, computed resorting to Eqn. (3.1)
and plotted in Figure 3.16. In general terms, unidirectional movements lead to lower equivalent hysteretic
damping than bidirectional ones.
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Figure 3.16: Evolution of the equivalent hysteretic damping during the unidirectional tests
The evolution of the equivalent hysteretic damping obtained from the out-of-plane unidirectional test
is quite interesting. Firstly, similar average equivalent hysteretic damping values, ξeq, were obtained
in the three tests: 2.83% for CN-04, 2.90% for CN-03R and 2.73% for CN-02S. Moreover, as can be
observed in Figure 3.16 (b), the equivalent hysteretic damping results present a clear trend, reflected in
the high value associated to the Adjusted Coefficient of Determination, R2 =0.81, which reveals that the
equivalent hysteretic damping is independent from the panel’s condition (strengthened, retrofitted and
original).
3.5.2.3 Analysis of the frequencies decay
During the unidirectional tests, a series of simple vibration tests was performed in order to study the
variation of the first natural frequency of the walls (in out-of-plane direction). To reach this purpose, a
tri-axial accelerometer was installed on the top of the wall, Figure 3.17 (a), and it was excited with a set
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of four knocks, applied in the transversal direction of the wall (yy) according to the sequence depicted in
Figure 3.17 (b).
(a) (b)
Figure 3.17: Location of the accelerometer at the top of the wall (a) and excitation scheme adopted (b)
In addition, on the basis of the analysis of the vibration results obtained through the above-described
procedure and on the experimental evidences presented in Table 3.2, the variation of the Elastic Modulus
of the walls was also analysed. The first fundamental frequency of each wall was evaluated resorting to
Eqn. (3.2), which was herein adapted from [164] considering that the walls can be structurally reduced
to a cantilever beam:
f =
1.8752
√
EI/m¯l4
2pi
(Hz) (3.2)
where E is the elastic modulus of the wall, I is the moment of inertia of the wall cross-section in the
considered direction (yy), m¯ is the wall mass per unit length and I stands for its total height. In
accordance to the experimental observations of Costa [148] on typical rural buildings of this Azorean
region, values of Elastic Modulus ranging between 0.2 and 0.3 GPa can be assumed. Also according to
this author, for walls strengthened with the retrofitting technique presented in Section 3.4.3, this value
may be raised up to 0.35-0.40 GPa. On the basis of these ranges, Elastic Modulus values of 0.20, 0.35
and 0.40 GPa were adopted respectively for the simple, retrofitted and strengthened wall.
Even though using Eqn. (3.2), the final Elastic Modulus of the damaged wall was calculated considering
the natural frequencies measured after the tests (ffinal). The comparison between the initial and the
final natural frequencies and Elastic Modulus values are presented in Table 3.4.
Table 3.4: Frequency and Elastic Modulus decay after the out-of-plane tests
Test
Fundamental frequency Elastic Modulus
finitial ffinal decay Einitial Efinal decay
(Hz) (Hz) (%) (Hz/cycle) (GPa) (GPa) (%) (GPa/cycle)
CN-04 6.83 3.90 -42.87 -0.0665 0.20 0.065 -67.35 -0.0031
CN-03R 9.03 3.90 -56.81 -0.1283 0.35 0.065 -81.35 -0.0071
CN-02S 9.65 3.50 -63.74 -0.1431 0.40 0.053 -86.85 -0.0081
As can be seen in Table 3.4, the difference between the initial frequencies and the one found after the
tests clearly reflect the conditional of the walls (original, retrofitted and strengthened). In this sense, wall
CN-04, tested in original (non-retrofitted) condition, presents the lowest damage installation capacity,
with a decay value of -0.0665 Hz per load cycle, while the retrofitted and the strengthened wall, CN-03R
and CN-02S, present decay values of -0.1283 and -0.1431 Hz per load cycle, respectively. It is important
to note that the values obtained for the non-retrofitted wall (CN-04) are in line with those obtained in the
laboratory campaign presented in Chapter 4, wherein an average decay value of -0.0059 GPa per cycle
was obtained in the out-of-plane test of regular stone masonry walls resorting to a similar test setup.
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Although reduced, the difference between these two results is justified by the better morphological and
mechanic features of the walls used in such experiments, which leads to a higher damage installation
capacity.
From the Elastic Modulus values reported in Table 3.4 it is possible to further define a corrective
coefficient, which can be used to obtain the final Elastic Modulus of an element retrofitted with “reinforced
connected plasters”. This coefficient is inspired on the corrective coefficients proposed in the Italian Code
for different strengthening solutions (see [165], Table 11.D.2). In this case, such coefficient was obtained
by means of the ratio between the Elastic Modulus of the strengthened walls and the Elastic Modulus of
the original walls, leading to a final value ranging between 1.75 and 2.0.
3.5.2.4 Overall comparison of efficiencies
In order to evaluate the efficiency of the strengthening/retrofitting interventions used in the masonry
panels tested, the obtained stiffness (initial, Kini, and effective stiffness, Keff ), strength and rotation
(maximum strength, Mmax, and limit out-of-plane rotation corresponding to a maximum strength de-
crease of 20%, θ0.8Mmax) and energy dissipation capacity results (cumulative, Ek, and average equivalent
hysteretic damping, ξeq) are confronted in Table 3.5.
Table 3.5: Strengthening efficiency evaluation
Test
Stiffness Strength and Rotation Energy
(kN/m) (kN/m) (kNm) (rad) (kJ) (%)
CN-04 782.63 574.29 15.56 0.103 3.84 2.8
CN-03R 1055.38 948.69 21.50 0.078 5.79 2.9
CN-02S 1711.44 1527.90 24.21 0.070 5.65 2.7
The influence of this strengthening/retrofitting scheme, in terms of the parameters included in Ta-
ble 3.5, can be inferred from Figure 3.18 referring to the efficiency of the tested scheme conveyed by the
ratios between the values obtained from the reinforced solutions and those obtained from the original
(unreinforced) situation.
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Figure 3.18: Improvement ratios obtained with the strengthened walls compared to the unreinforced one
(CN-04) in terms of: (a) stiffness; (b) strength and rotation; and (c) energy dissipation capacity
As clearly shown in Figure 3.18 the proposed technique - as already referred in the Section 3.4.3,
actually executed after the 1998 Azores earthquake - proved to be effective on the strength and/or
retrofit of this kind sacco stone masonry elements, exhibiting relevant improvement ratios. In fact, the
application of such simple technique allowed, not only the full recovery of the retrofitted specimen (CN-
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03R) in all the analysed mechanical properties (stiffness, strength and energy dissipation capacity), but
also its improvement. This fact is particularly notable in the obtained strength and energy ratios, which
are close to the ones obtained for the strengthened specimen (CN-02S).
In summary, for both cases the most significant improvement was observed in terms of the effective
stiffness of the walls (65% and 166% respectively), being that important improvements were also observed
in terms of maximum strength (38% and 56%) and limit out-of-plane rotation corresponding to a maxi-
mum strength decrease of 20% (22% and 32%). Inversely, and as already addressed in Subsection 3.5.2.2,
the average equivalent hysteretic damping of the walls remained almost constant with variation ratios
of about 4%. Notwithstanding this fact, improvement ratios of around 50% were obtained in terms of
cumulative energy dissipation capacity. In addition, improvement ratios of 35% and 119% were obtained
for the initial stiffness of the retrofitted and the strengthened wall, respectively.
Last but not least, it is worth highlighting that the larger stiffness and strength values observed in the
reinforced walls ensure the capacity to sustain strong ground motion levels without significant deforma-
tion, feature that is conferred by the strengthening scheme herein addressed, which is able to improve the
monolithic behaviour of a sacco stone wall, typically heterogeneous. As final note, it is important to stress
that the above discussed results are in good agreement with some previous experimental observations
reported by this research team in past works (for example [28,29]).
3.6 Brief discussion on the adequacy of the used experimental techniques
The discrepancy found in the results obtained from the bidirectional and the unidirectional tests (refer
to Section 3.5) justifies the existence of the present section, wherein the reasons for this issue are briefly
discussed. As can be seen both from the observation of Figure 3.19 and from direct comparison of
Table 3.2 and Table 3.3, considering similar specimens and boundary conditions, the results obtained
from bidirectional test setup are substantially different from those obtained with the unidirectional test.
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Figure 3.19: Confrontation between the results obtained from the bidirectional and unidirectional tests
This fact can be explained by the effect of the cyclic load itself, which promotes the internal rearrange-
ment of the stone elements within the masonry section, leading to the increase of the internal friction
between the stone elements as well as dilatancy. This phenomenon, associated with a loading history
characterised by a raised number of cycles of small amplitude (see Figure 3.4), results on the increase of
the resistant capacity of the wall, reflected in the stiffness and peak strength results, and on the decrease
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of its deformation capacity (see Figure 19). It is important to stress that this phenomena is not new,
having been already addressed by this research team in one of their past experimental works (see [28]).
3.7 Final remarks
This chapter presents a complete in situ test campaign focused on the experimental characterisation
of the out-of-plane behaviour of traditional stone masonry walls and on the analysis of a strengthen-
ing/retrofitting solution already applied and recommended in current codes. Within this scope, a new
test setup able to perform both bidirectional and unidirectional cyclic experiments was used on the out-
of-plane testing of three sacco stone masonry walls, under different conditions: original, retrofitted and
strengthened.
Among the relevant findings that have been addressed throughout this work, the herein presented
results allowed to observe that the developed test setup proved to be adequate and functional, allow-
ing to run bidirectional and unidirectional out-of-plane cyclic tests. Moreover, the simple strengthen-
ing/retrofitting scheme used in this experimental campaign, widely applied during the rehabilitation
process carried out in Faial island after the 1998 Azores earthquake, led to a significant increase on
the mechanical features that most contribute to the out-of-plane seismic resistance of the walls. Glob-
ally, improvements of about 65% and 165% were observed in the effective stiffness of the retrofitted
and the strengthened walls, respectively. In terms of maximum strength and rotation capacity, respec-
tively, improvements of around 38% and 56%, and 22% and 32% were found for the same walls. Finally,
improvement ratios of about 50% were obtained in terms of cumulative energy dissipation capacity.
As final comment, it is important to point out that the outputs obtained from this described exper-
imental campaign allowed to validate the developed test setup, meaning that it may be used in future
tests. However, and in this sense, the influence of the loading history (in terms of number of cycles
and amplitude) on the experimental stiffness, strength and deformation results - briefly discussed in
Section 3.6 - should be taken into consideration.
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CHAPTER 4
LABORATORY CHARACTERISATION OF THE OUT-OF-PLANE
PERFORMANCE OF REGULAR STONE MASONRY WALLS
Experimental characterization of the out-of-plane performance of regular stone masonry walls, including test setups and
axial load influence. Bulletin of Earthquake Engineering, Manuscript ID: BEEE-S-14-00414 (under revision).
Abstract This chapter describes an experimental program, conducted in laboratory environment, aiming at
characterising the out-of-plane behaviour of traditional unreinforced stone masonry walls. In the scope of this
campaign, six full-scale sacco stone masonry specimens were fully characterised regarding their most important
mechanic, geometric and dynamic features and were tested resorting to two different loading techniques under
three distinct vertical pre-compression states; three of the specimens were subjected to an out-of-plane surface
load by means of a system of airbags and the remaining were subjected to an out-of-plane horizontal line-load
at the top. Based on the results obtained in the tests, the capacity of the specimens, in terms of its maximum
strength, maximum displacement and energy dissipation capacity, is herein presented and discussed.
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4.1 Introduction and motivation
Stone masonry is one of the oldest and most worldwide building techniques. In fact, if it is true that it can
be considered as the simplest type of structural system concerning its assemblage, it is undeniable that,
at the same time, it is one of the most complex construction materials in terms of mechanical properties
and performance assessment. In addition, the behaviour of such structures under seismic excitation is
clearly poor, calling into question both the preservation of a valuable heritage that should be protected
and safeguarded, and the security of people and goods.
The out-of-plane damage or collapse mechanism is a widespread seismic failure mode in existing
unreinforced masonry buildings, where insufficient or even no connection at floor levels is observed (see
Section 2.1). Moreover, as traditional constructions on unreinforced masonry buildings possesses flexible
diaphragms, it is not possible to take into account the contribution of returning walls to the seismic
resistance and, for this reason, exterior masonry walls may behave independently on a cantilever mode.
Concerning multi storey buildings and, despite the main post-earthquake observations shows that the out-
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of-plane collapse occurs mainly at the upper levels (due to dynamic amplification of the seismic action),
it is also important to study the behaviour of a complete masonry wall. On insufficiently restrained very
deformable masonry walls, the cantilever behaviour of the complete fac¸ade may occur, as included in
the failure mechanisms presented by D’Ayala and Speranza [25]. For this reason, this work includes the
study of lower level masonry walls of multi-storey masonry buildings to provide all the required data to
deeply characterise the out-of-plane behaviour of unreinforced stone masonry walls.
The interest on such characterisation has been increasing in recent years, namely with the devel-
opment of some experimental works either in laboratory environment or in field. Among the various
examples that could be cited here, a highlight for the recent experimental laboratory campaign presented
by Restrepo-Ve´lez et al. [141] and Vaculik et al. [166], wherein a series of static 1:5 scale tests were
performed on stone masonry walls with the aim of verifying existing analytical expressions for the com-
putation of their horizontal resistance, and for the late in situ work of A.A. Costa et al. [29] in which
a traditional two-storey masonry building was tested by means of the application of quasi-static loads
at the building top level in the out-of-plane direction. Some further examples of relevant works were
recently published in this field namely by [88, 91, 142, 147]. Nevertheless, the effective knowledge about
the out-of-plane behaviour of masonry walls under earthquake action is still limited and the currently
available experimental techniques are not completely stabilised and validated. In addition, a significant
part of the available experimental data was obtained from investigations on reduced scale specimens,
which may strongly influence some particular issues of the seismic resistance of real elements, or through
testing schemes wherein the reproduction of existing materials or real in situ conditions are, at least,
questionable.
Bearing in mind the above referred limitations, the work presented in this chapter focuses on an ex-
perimental campaign carried out in laboratory environment in order to study the out-of-plane behaviour
of stone masonry walls. The tests took place at Laboratory of Earthquake and Structural Engineering
(LESE) of the Faculty of Engineering of the University of Porto, Portugal, and involved the construction
of six full-scale unreinforced stone masonry walls, similar in terms of geometry and material characteris-
tics, and their subsequent out-of-plane tests through the application of two different quasi-static loading
schemes. The first loading scheme consisted of the application of a surface load resorting to a system
of nylon airbags, while the second one consisted of the application of a horizontal line-load through a
hydraulic actuator placed at the top of the masonry specimen. It is worth noting that these two loading
schemes fall in the same research line of previous experimental works presented by [29, 113, 167]. Note
that the choice for using two different loading schemes in the experimental campaign reported herein
has two main purposes: on one hand, the discussion of the results on the basis of the direct comparison
between both setups, and on the other hand, the validation of these two schemes for in situ testing of
stone masonry walls. Furthermore, taking into account past laboratory campaigns presented in the liter-
ature, this work presents some worth noting features such as the fact that the stone masonry specimens
used were constructed by professional masons with stone material collected from real masonry struc-
tures and with mortars manufactured according to the traditional procedures. In addition, the analysis
of the out-of-plane performance of the specimens was preceded by a thorough characterisation of their
morphological, mechanic and material properties.
4.2 Characterisation of the masonry specimens
De Felice [21] highlighted that the out-of-plane behaviour of irregular stone masonry walls is strongly
influenced, not only by the mechanical characteristics of the elements which compose the wall (stone
units and infill material), but also by their geometrical characteristics and by the arrangement and fabric
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of the wall’s section. Contrary to the Roman cementa [168] wherein the monolithic behaviour of the
wall is ensured by the cohesion of the mortar, in sacco stone masonry the mortar is usually not strong
enough to provide sufficient bond to the wall assemblage. In fact, for this type of masonry, mortar is used
almost exclusively to fill the voids between stone units. For most of the masonry walls, and particularly
for multi-leaf masonry walls, a proper transversal bond should be provided by good workmanship in
order to improve the monolithic behaviour of the wall. Besides the cited work of De Felice [21], several
works aiming to study the influence of the transverse bonding on the out-of-plane strength capacity of
masonry walls have been presented in the last years. Guiffre` was one of the first authors that addressed
this topic (see [19, 169]). In his so-called opus quadratum model, the author carried out a series of
numerical and experimental studies where the influence of the number of header blocks on the out-of-
plane strength capacity was clearly highlighted. Such influence was demonstrated by an almost linear
decrease of the ratio between the real and the supposed monolithic wall, λ0, when increasing the s/t
ratio between the vertical distance among headers (also known as through stones), s, and the thickness
of the wall, t. However, as later remarked by Trovalusci and Baggio [170], because the work resorted
only squad stones, its application is somewhat limited due to the variability and complexity of stone
masonry sections that could never be completely covered. Additionally, irregularities of stone units may
induce more complex features of the overall behaviour. Hence, taking into account the importance of all
the above mentioned parameters on the characterisation of the out-of-plane behaviour of rubble stone
masonry walls, a thorough characterisation of the six stone masonry walls used in this experimental work,
will be presented in the following sections taking into account their construction process as well as type
of stone, geometry and dynamic features.
4.2.1 Walls construction and geometric characterisation
As noted above, the masonry test specimens were constructed by professional masons under controlled
laboratory conditions. The six masonry walls are 1.30 m long, 0.65 m thick and 2.50 m high, leading to a
slenderness ratio h/t of 3.85 and a volume of 2.11 m3 each. Idealised and constructed to be representative
of the traditional Mediterranean stone masonry construction, the specimens are composed of non-regular
roughly squared granite blocks and non-cohesive infill material. Figure 4.1 presents the construction
stage and the final aspect of some of the stone masonry walls.
Figure 4.1: Construction and preparation of the masonry walls
Assuming that the out-of-plane seismic capacity of masonry walls is highly dependent on the mor-
phology of the wall section and stone laying technique, the following features were taken into account:
percentage of headers, stone shape and dressing, stone dimensions and regularity of the mortar courses.
Among them, particular care was taken in the survey to classify the stones, according to their arrange-
ment in the wall, as stretchers, when their length lies longitudinally in the wall, or as headers, when their
length is perpendicular to the faces. As already discussed, the presence and the number of headers clearly
affect the transversal bond of the wall. According to Swain [171], “to bind the wall transversally, there
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should be a considerable number of headers extending from the front to the back of thin walls and from
the outside to the inside of thick walls” (p.368). In consequence of this, the author suggests a percentage
of headers not less than 20% of the area of the face. Thus, in order to study the sectional characteristics
of the masonry walls, each one of the six specimens was discretised and reproduced in CAD by means of
polygonal blocks which depict the shape, the size and the arrangement of the stone elements of the walls’
sections. The result of this survey is shown in Figure 4.2. In order to highlight its presence and location,
the headers are presented with a hatched patterns.
(a) wall 1 (b) wall 2 (c) wall 3
(d) wall 4 (e) wall 5 (f) wall 6
Figure 4.2: Geometrical survey of the six masonry walls
Furthermore, Table 4.1 summarises the number of headers present in each one of the walls’ sections
as well as the vertical distance among them and the ratio between the total area of headers and the area
of the wall’s face.
Table 4.1: Characterisation of the sections taking into account the presence of headers
Specimen
Number Distance among Area of Percentage of Distance from foundation
of headers headers (m) headers (m2) headers (%) to first header (m)
East West East West East West East West East West
Wall 1 2 2 0.34 0.74 0.45 0.32 28 20 0.60 0.39
Wall 2 1 2 - 0.82 0.15 0.43 9 27 2.25 0.78
Wall 3 2 1 0.60 - 0.50 0.28 31 18 0.97 1.00
Wall 4 2 2 0.84 0.84 0.39 0.51 25 32 0.86 0.87
Wall 5 2 2 0.44 0.85 0.46 0.45 29 28 0.91 0.63
Wall 6 2 2 0.70 0.71 0.45 0.38 28 24 1.10 0.72
From the analysis of the values presented in Table 4.1, it is worth highlighting that two of the six
masonry walls (wall 3 and 5) present a ratio of the area of the headers to the area of the face lower than
20% which is the minimum value recommended by Swain (1972) [171].
4.2.2 Material properties
As introduced in the previous section, the masonry walls are made of non-regular roughly squared granite
blocks and a non-cohesive infill material (small stone fragments and soil type material binded with a
traditional lime mortar). The granite blocks used were collected from old masonry constructions located
in the north of Portugal and the mortars, composed of lime and clay (with 1:3 ratio), were formulated
and prepared in laboratory following the traditional procedures.
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According to [172–174], seventeen stone samples (cylindrical with 100 mm diameter and 200 mm high)
were tested under air dry laboratory environment in order to evaluate their compressive strength, fcb,
Elastic Modulus, Ecb, and tensile strength, ftb. It is important to note that this stone was also used on
the scope of other experimental work carried out in LESE and that, for this reason, the following results
are also reported in [175]. In terms of average values (and coefficient of variation, CoV), the following
values were obtained: 43.83 MPa (15.96%) for the compressive strength, 13.85 GPa (24.49%) for the
Elastic Modulus and 3.37 MPa (13.57%) for the tensile strength. It is worth noting that these results are
in the range of those reported in similar studies (see [176,177]), though it is very likely that the differences
registered in the mechanical characteristics of the stone blocks, evidenced by the obtained coefficients of
variation, are sufficient to influence the global strength of the masonry walls [178].
In order to characterise the mechanical properties of the mortars, compressive and flexural strength
tests were performed on two sets of six prismatic mortar samples (with 160 x 40 x 40 mm) with a curing
period of 90 days (see Figure 4.3). The testing procedure adopted is in accordance with the standard [179]
and, as in the previous case, the results herein presented for mortars are also already reported in [89].
(a) flexural strength test (b) compression strength test (c) specimen tested in compression
Figure 4.3: Mortar specimens under flexural and compression test
The compressive strength and flexural strength values were similar in both sets of samples, giving
average values of 1.28 MPa (2.66%) and 0.53 MPa (11.83%), respectively. Once again, it should be
noted that such values are consistent with the expected values for this type of mortar (see for example
[175,176,180]).
4.2.3 Modal identification
In order to determine the natural frequencies and the modal response of each one of the six masonry
walls, a series of vibration tests was performed before the beginning of the tests. Among other interesting
outputs, the modal analysis of the specimens led to different conclusions regarding some of their main
mechanical properties in a non-tested state (for example the Elastic Modulus). The goal of the following
measurements consisted on identifying the first two natural frequencies and corresponding mode shapes
of the masonry specimens, with the purpose of analytically estimating the Elastic Modulus value. This
approach may be particularly important for practical engineers when dealing with existing masonry
buildings.
The measurements of the dynamic behaviour of the masonry walls were performed using LabVIEW
SignalExpress software [181] to log the data acquired from five unidirectional accelerometers (see Fig-
ure 4.4) in time frames with approximately 3 minutes, excited with ambient noise vibration. The modal
analysis of the specimens were subsequently performed by means of the peak picking and frequency
domain decomposition (FDD) techniques, implemented in the ARTeMIS Extractor software [182], from
which the first two natural frequencies, vibration mode shapes, and damping ratios were identified.
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Figure 4.4 shows the location of the accelerometers and the mesh used to visualize the mode shapes.
Figure 4.4: Location of the five accelerometers and mesh used in modal identification
Due to laboratory limitations, the measurements were performed at a time when the setups for the
out-of-plane tests were already assembled. As a result, the dynamic response of the six masonry specimens
was registered under two distinct support conditions, namely cantilever (walls 1 to 3, Figure 4.5) and
fixed-pinned (walls 4 to 6, Figure 4.6); which led to the consideration of two different structural schemes
on the analytical estimation of the Elastic Modulus of the walls. The equivalent structural schemes used
for the case of the cantilever and fixed-pinned wall, as well as the first two vibration mode shapes, are
depicted in Figure 4.5 (b) and Figure 4.6 (b), respectively.
Transversal mode Longitudinal mode
Cantilever structural scheme
Figure 4.5: Cantilever walls: experimental apparatus, fundamental vibration mode shapes and equivalent
structural scheme
Transversal mode Longitudinal mode
Pinned-pinned structural scheme
Figure 4.6: Pinned-pinned walls: experimental apparatus, fundamental vibration mode shapes and equivalent
structural scheme
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As an example, Figure 4.7 shows the power spectral density obtained from the measurement performed
in wall 1.
Figure 4.7: Wall 1: identification of spectral peaks
As aforementioned, the data obtained from the modal identification was therefore used in the estima-
tion of the Elastic Modulus of the walls. According to structural dynamics theory, the Elastic Modulus
of a structural system can be estimated based on their fundamental frequencies. As given in [164], the
first fundamental angular frequencies of a cantilever beam and a fixed-pinned beam can be determined
using Eqns. (4.1) and (4.2), respectively:
ωc = (1.875)
2
√
EI/m¯h4 (rad/s) (4.1)
ωfp = pi
2
√
EI/m¯h4 (rad/s) (4.2)
where E is the Elastic Modulus, I is the moment of inertia of the wall cross-section in the considered
direction, m¯ is the wall mass per meter long and h stands for the total wall height. Table 4.2 presents
the natural frequencies obtained with the monitoring scheme presented in Figure 4.4 as well as the values
of the Elastic Modulus values estimated using Eqns. (4.1) and (4.2), considering a mass density, γ, of 21
kN/m3 (experimentally measured before the tests).
Table 4.2: Fundamental frequencies and Elastic Modulus values obtained for the transversal direction (yy)
Specimen Structural scheme Fundamental frequency (Hz) Elastic Modulus (GPa)
Wall 1
cantilever
8.39 0.53
Wall 2 7.42 0.42
Wall 3 7.25 0.40
Wall 4
fixed-pinned
21.34 0.44
Wall 5 24.59 0.58
Wall 6 24.66 0.59
Mean value 0.49 GPa
Coef. variation 17.1%
From the values obtained for the Elastic Modulus and taking into account the mass density of the walls,
the values obtained are consistent with the masonry typology reported in the Italian code [183] (Table
C8A.2.1) as “ashlar masonry with internal core”, wherein the range of the main mechanical parameters
for this masonry typology, i.e., compressive strength, shear strength, elastic modulus, shear modulus and
mass density, can be consulted.
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4.3 Test programme and loading procedure
As already introduced, this experimental campaign aimed at characterising the out-of-plane behaviour
of six full-scale masonry walls resorting to quasi-static loads applied by means of two different testing
setups and under three distinct pre-compression states. The first test setup consisted of the application
of a uniformly distributed surface load using a system of three nylon airbags (with 1600 mm height,
700 mm width and 350 mm thick), which reacts against a backing frame. The latter is connected to a
reaction structure composed of a set of HEB steel beams, connected to the reaction wall of the laboratory
with mechanical anchors (Figures 4.5(a) and 4.8). The level of pressure inside the airbags and the top
displacement of the specimen, used as control displacement during the tests, were continuously acquired
through a data acquisition system. For easy interpretation, the three airbag tests were denominated
respectively as OP PA1, OP PA2 and OP PA3 where the prefix OP stands for Out-of-plane and the suffix
PA(i) refers to the setup used (PA for airbag testing) and the number of the test (i=1-3). The second
test setup consisted on the application of a horizontal line-load by means of a displacement-controlled
hydraulic actuator. In order to avoid an eventual torsional response of the specimen, the actuator was
horizontally centred at the top of the back surface of the masonry wall. The actuator reaction is provided
by a stiff steel structure, anchored to the test slab of the laboratory (Figure 4.8(b)). In accordance with
what has been said for the airbag tests, the three line-load tests were denominated as OP PF1, OP PF2
and OP PF3 wherein PF refers to the concentrated force test setup.
(a) airbag testing (b) line-load testing
Figure 4.8: Lateral view of the test setups with the application of a vertical pre-compression force
In order to apply the vertical load, a hydraulic actuator was installed at the top of the masonry
wall, reacting against a steel frame connected to the foundation through hinged steel rods in which load
cells were used to measure the imposed force. Concerning the foundations of the specimens, it is worth
mentioning that these traditional masonry constructions usually do not include any special foundation
element, being simply settled on soil with some layered bottom stones right below the ground level. This
situation is naturally more common in low-rise buildings, which usually do not need very deep and large
foundations. Consequently, aiming at full control the boundary condition of the experiments, all the
masonry walls were tested on a cantilever structural scheme, settled on a concrete footing, independently
from the pre-compression level and the test setup. Note that, even in the most unfavourable case, i.e.,
with no axial compression force, the friction between the concrete footing and the first layer of granitic
stones is sufficient to guaranty that no sliding will occur at the base of the wall. This issue was also
monitored during the experiments with a displacement transducer between the bottom of the wall and
the concrete footing, and no sliding occurred.
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The applied pre-compression force was chosen to reproduce a realistic vertical load according to the
specifications presented in Table 4.3. Such values were determined considering a unit weight for masonry
γ =21 kN/m3 and two additional loads of 1.2 kN/m2 and 1.5 kN/m2, distributed with a tributary length
of 2.0 m in order to simulate respectively the roof and floors weight of a traditional Mediterranean house.
Table 4.3: Overburden conditions used in the out-of-plane tests
Specimen Test
Overburden conditions
Corresponding wall in real buildings
N (kN) σbase (kPa) ψ
Wall 1 OP PA1
0 52.5 0 Single-storey load-bearing wall
Wall 4 OP PF1
Wall 2 OP PA2
52 113.3
1.17
Load-bearing ground storey wall of a 2-storey building
Wall 5 OP PF2
Wall 3 OP PA3
140 227.5 3.15 Load-bearing ground storey wall of a 4-storey building
Wall 6 OP PF3
ψ: ratio of axial load to wall weight
However the vertical hydraulic actuator used is not force-controlled and consequently a significant
variation of vertical compression was observed during the experimental tests, as depicted in the time
history of vertical loading shown in Figure 4.9 (a). This non-negligible load variation was due to the
absence of oil volume correction inside the hydraulic actuator to compensate the uplifting and the vertical
deformation of the specimen. The peaks in the plots of Figure 4.9 (a) refer to the wall uplift, whereas
the clear global decreasing trend is due to the average compressive deformation for which no correction
was provided on the total axial force. It is important to note that this variation on the vertical force was
taken into account in the treatment of the experimental data.
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(b) horizontal top displacement protocol
Figure 4.9: Loading histories
As presented in Figure 4.9 (b), the horizontal loading history used in both test setups consisted on
performing two complete displacement controlled cycles, alternated by two smaller cycles with half the
amplitude of the previous, before increasing the amplitude by 25 mm. This load history was defined so
as to make it possible to observe the hysteretic behaviour of the masonry walls caused by the unload-
ing/reloading in the same direction. In this sense, two small initial cycles of 6 mm were used to analyse
the linear elastic behaviour, while two cycles of 25 mm peak intended to reach the maximum strength on
the wall without significant damage.
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In both test setups, the masonry walls’ response was monitored with a set of 27 linear variable
displacement transducers (LVDTs) positioned to measure the deflected wall profile, the global vertical
deflections, the joint opening-closing between stone units and the out-of-plane movement, see Figure 4.10.
As also depicted in Figure 4.10, five accelerometers were used to record the natural frequencies of the
masonry specimen during the out-of-plane tests.
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Figure 4.10: Monitoring scheme
4.4 Results and data interpretation
4.4.1 Experimental evidences
The experimental data obtained from the airbag tests and in the line-load tests are presented in Figure 4.12
and Figure 4.13, in the form of hysteretic curves and envelopes, respectively. In order to compare directly
the results obtained from each test setup, they are both plotted in the form of overturning moment
versus rotation and also in terms of force versus relative rotation. The values of overturning moments
were computed on the basis of the force resultants acting on the walls, noting that, in the case of the
airbag tests, the force values presented in the right axis of Figure 4.12 (a) correspond to the force resultant
obtained from the surface pressure measured directly during the tests (Figure 4.11).
(a) airbag testing (b) line-load testing
Figure 4.11: Force resultants acting on the wall, including the horizontal component of the force exerted by
the actuator and P-∆ effects
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Moreover, it is worth highlighting that these airbag test results were corrected using a correction
factor that takes into account the effective pressure, correlated to the airbags insufflation. However,
despite the importance of this aspect, its discussion is out of the scope of this thesis and therefore further
considerations can be found in [162]. The key issues from the experimental tests are summarised and
compared in Table 4.4.
(a) airbag tests (b) line-load tests
Figure 4.12: Hysteric overturning moment versus rotation curves
(a) airbag tests (b) line-load tests
Figure 4.13: Hysteric overturning moment versus rotation envelopes
As it is possible to observe from of Figure 4.12, for the same level of axial load, the results are
rather consistent both in terms of elastic stiffness and maximum overturning moment; see Table 4.4
where Kini and Keff represents the initial and the effective stiffness of the wall, obtained respectively
from 10% to 40%, and 70% of the maximum experimental overturning moment, Mmax. In addition,
Mmin(θMu) is the overturning moment corresponding to the minimum ultimate rotation attained (in this
case θMuOPPF1) and Mu is the overturning moment corresponding to the maximum experimental rotation
(or displacement).
Average values of initial stiffness, Kini, of 3640 kN/m, 4015 kN/m and 4745 kN/m were obtained
for the tests with axial load of 0 kN (OP PA1 and OP PF1), 52 kN (OP PA2 and OP PF2) and 140
kN (OP PA2 and OP PF3), respectively. In general terms, the walls exhibited substantial displacement
capacity with ratios of ultimate displacement to wall thickness, d/t, ranging between 26% and 42%. As
also presented in Table 4.4, all the experiments were carried out until a strength decrease (Mu/Mmax) of
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at least 40% was reached, because the out-of-plane behaviour of masonry walls may be seen as nonlinear
elastic. It is worth mentioning that displacements were imposed until one of the following stopping criteria
was satisfied: (i) strength degradation of 20% relative to the maximum measured strength exhibited
(attained in all tests); or/and (ii) the limit stability or safety conditions could be ensured.
Table 4.4: Summary of the experimental results
Test
Peak results Post-peak results
Kini Keff Mmax θMmax dMmax Mmin(θMu) Mu Mu/Mmax θMu dMu/t
(kN/m) (kN/m) (kNm) (rad) (mm) (kNm) (kNm) (%) (rad) (%)
OP PA1 3707 1986 14.57 0.0099 24.82 8.95 8.95 38.61 0.080 30.86
OP PF1 3575 1484 15.28 0.0051 12.72 9.17 9.17 39.94 0.068 26.30
OP PA2 4137 2469 28.30 0.0141 35.41 13.35 9.13 67.75 0.097 37.35
OP PF2 3893 1744 33.08 0.0043 10.75 18.02 16.07 51.41 0.079 30.51
OP PA3 4712 2689 47.33 0.0157 39.02 24.10 13.16 72.19 0.109 42.09
OP PF3 4769 2049 57.02 0.0113 28.28 33.33 28.47 50.62 0.080 30.82
The height wise horizontal displacement’ profiles during the tests are presented in Figure 4.14.
(a) airbag tests
(b) line-load tests
Figure 4.14: Height wise horizontal displacement profiles with position of the displacement transducers
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From the height wise horizontal displacement profiles, it is possible to see that the imposition of
a concentrated load did not lead to damage concentration at the top of the wall during its outward
movement. In fact, the walls subjected to the line-load scheme were found to be globally mobilised
with this test setup. However, it is important to highlight that, due to the effective connection of the
horizontal actuator to the wall, some more damage was observed when it was been pushed in the inward
direction, particularly for higher displacements. This fact occurs because, contrary to what happens in
the case of the airbags setup where, although the system is uncharged at the end of each loading cycle,
the wall always exhibits some residual top displacement, in the case of the line load setup, the hydraulic
actuator always forces the wall to return to its initial position (∆=0), thus imposing damage in that
direction. As shown in Figure 4.14 (b), this issue is particularly evident for those cases where the level
of axial compression is low, and only in the range of large displacements (OP PF1). In general terms,
and as mentioned latter, this fact is due to a lower flexural resistance of the mortar bed joints for low
levels of axial stress. In addition, some base slip effect is also notable in the base of the walls’ horizontal
displacement profiles.
Figure 4.15 presents the direct comparison between the height wise horizontal displacement profiles for
three distinct displacement levels: 6 mm (corresponding to the initial load cycle), 100 mm (corresponding
to the intermediate load cycle) and 175/200 mm (corresponding to the final load cycle).
Figure 4.15: Comparison between height wise horizontal displacement profiles obtained
4.4.2 Influence of the vertical pre-compression on the peak and post-peak capacity
In general, specimen comparisons showed that the higher the vertical pre-compression is applied, the larger
displacement capacity is reached. Likewise, both the peak and post-peak overturning moment capacity
of walls with vertical pre-compression outperformed walls without pre-compression (refer Table 4.4).
Concerning the first increment of axial load (level 1 to level 2), there was an average increase of 106%
in Mmax and 73% in Mmin(θMu), as a result of a 62 kPa stress increase due to axial pre-compression
(Table 4.3). Following the same trend, with the second axial pre-compression increment of 104 kPa
(level 2 to level 3), there was an average increase of 70% and 83% in Mmax and Mmin(θMu), respectively.
The improvement of peak and post-peak capacity of masonry walls with the application of vertical pre-
compression is a well-known phenomenon which has been observed and discussed in several past works
(for example in [142]). Moreover, the increase of the maximum overturning moment is strongly affected
by the static equilibrium due to the increase of stabilisation forces.
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4.4.3 Energy dissipation capacity
The capacity of the masonry elements to dissipate energy is one of their key structural properties, mainly
when they are subjected to seismic load. Therefore, the hysteretic energy dissipation was evaluated for
all tests considering the area of each load cycle and the results evolution in terms of both cumulative
dissipated energy and individual cycle energy are presented in Figure 4.16 (a) and (b), respectively.
(a) cumulative dissipation capacity (b) individual cycle capacity
Figure 4.16: Energy dissipation capacity
It was already noted that the hysteretic loops presented in Figure 4.12 show that all specimens
underwent plastic deformation and dissipated a significant amount of energy. Moreover, from the analysis
of the cumulative dissipated energy results shown in Figure 4.16 (a), it is clear that for the same rotation
levels, the energy dissipation capacity of the walls increases with the pre-compression force. In general
terms, the individual cycle energy curves presented in Figure 4.16 (b) stress the conclusions pointed out
from the analysis of Figure 4.12 and Figure 4.16 (a) underlining the more regular behaviour of the walls
tested resorting to airbags in terms energy dissipation. Notwithstanding this fact, the walls tested with
the point load setup clearly present more energy dissipation capacity (see Figure 4.16 (a)).
Figure 4.17 presents the sectional displacement curves built from the relative movements in the cross-
sections, which were obtained on the basis of the displacement directions shown in Figure 4.17 (a).
(a) OP PA1 versus OP PF1 (b) OP PA2 versus OP PF2 (c) OP PA3 versus OP PF3
Figure 4.17: Displacements on the transversal section of the walls
As evidenced by these results, the behaviour of the walls tested with airbags is mainly in rocking,
presenting a slight component of bending, while the walls tested with the line-load behaved in bending,
also exhibiting some shear. These two distinct responses are demonstrated by the configuration of the
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displacement curves shown in Figure 4.17 as well as by the cracking patterns observed at the end of the
tests (see Figure 4.20). Additionally, and as expected, the bending behaviour is more significant with the
increase of the axial pre-compression state.
In order to characterise the hysteretic behaviour during the tests, Figure 18 presents the evolution of
the equivalent hysteretic damping computed by Eqn. 4.3 which was initially presented by Shibata and
Sozen [163]:
ξeq = 100 · Ah
2pi × Fm × dm (%) (4.3)
where Ah refers to the area inside one loop, while Fm and dm are, respectively, the maximum force and
maximum displacement achieved in the same loop.
The equivalent hysteretic damping evolution during the out-of-plane tests, presented next in Fig-
ure 4.18 (a), is interesting. Even though the results exhibit some trend, evidenced by the linear fitting
included in Figure 4.18 (b), the evolution of the equivalent hysteretic damping is quite irregular, particu-
larly concerning the results obtained from the line-load tests. Considering average values, the equivalent
hysteretic damping of the walls range between 2.2% and 4.6%. This range, together with the shape of the
curves presented in Figure 4.18 (a), with no hysteretic damping plateau, suggests that the total capacity
of these walls, in terms of energy dissipation capacity, might not have been experimentally reached.
(a) evolution during the tests (b) linear fitting on the local extremes
Figure 4.18: Rotation versus equivalent hysteretic damping
4.4.4 Analysis of frequencies decay during the tests
On the basis of the study of frequency decay over the tests, some relevant conclusions about the progress
of the out-of-plane tests over time are discussed, both in terms of the capacity of the masonry specimens
and the damage level. As depicted in Figure 4.19 (a) and (b), which presents the frequencies measured
during the airbag tests and the line-load tests respectively, the transversal frequencies’ decay does not
present a constant drop and well defined linear trend. However, it is worth noting that the changes of
the decay slope of the curves are associated with the development of damage in the masonry specimens,
which is responsible for the degradation of their global mechanical properties.
As summarised in Table 4.5, the difference between the frequencies measured before the tests and the
frequencies found after the tests were in the average -20.19% for the airbag tests and about -23.96% for
the line-load tests, which correspond to a decay of about -0.0033 and -0.109 Hz per cycle, respectively.
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(a) airbag tests (b) line-load tests
Figure 4.19: Energy dissipation capacity
Table 4.5: Frequencies decay over the out-of-plane tests
Test
Fundamental frequency Elastic Modulus
finitial ffinal drop Einitial Efinal drop
(Hz) (Hz) (%) (Hz/cycle) (GPa) (GPa) (%) (GPa/cycle)
OP PA1 8.39 6.82 -18.71 -0.0449 0.53 0.35 -33.96 -0.0051
OP PA2 7.42 5.89 -20.62 -0.0333 0.42 0.27 -35.71 -0.0033
OP PA3 7.25 5.71 -21.24 -0.0335 0.40 0.25 -37.50 -0.0033
OP PF1 21.34 14.27 -33.13 -0.2828 0.44 0.20 -54.55 -0.0096
OP PF2 24.59 19.15 -22.12 -0.1876 0.58 0.35 -39.66 -0.0079
OP PF3 24.66 20.56 -16.62 -0.1414 0.59 0.41 -30.51 -0.0062
Note that the proximity found between both of the results corroborate the fact that both of the
experimental setups used in the tests herein presented are able to globally mobilize the out-of-plane
response of this type of masonry elements, providing important information on their out-of-plane be-
haviour. Notwithstanding this fact, it is worth adding that from the analysis of the decay values it is
also quite evident that the quantity of damage developed, per cycle, in the wall, expressed here in terms
of Hz/cycle, is significantly higher in the walls tested with the line-load setup.
4.4.5 Cracking patterns
In general terms, the walls tested with airbags presented typical cracking patterns for a behaviour mainly
governed by rocking, whereas the walls tested with line-load presented a cracking pattern more befitting
with a response governed by bending (see Figure 4.20).
(a) OP PA1 (b) OP PA2 (c) OP PA3
(figure continues on the next page)
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(figure starts on the previous page)
(d) OP PF1 (e) OP PF2 (f) OP PF3
Figure 4.20: Cracking patterns observed at the end of the out-of-plane tests
Thus, over the course of the experiments, it was observed the opening of a single vertical crack along
the interleaf bond up to a height defined by the dimension of the pivot stone block placed on the base
section (in the case of the OP PA tests) and by the vertical height of the first header (in the case of the
OP PF tests). As depicted in Figure 4.21, such vertical crack is followed by the opening of a horizontal
crack from which the relative interleaf displacement is more pronounced.
Figure 4.21: Horizontal crack with relative interleaf displacement (from OP PF2)
It is important to highlight that no unit fail has occurred during the tests, with all failures occurring
at the unit-mortar bonds (stepped cracking).
4.5 Analytical study of the experimental results
As stated by Tomazˇevicˇ [184], for analysis and design purposes the values of sectional forces, stresses and
strains are usually determined based on the gross cross-sectional geometrical characteristics of the walls
and assuming the elastic, homogeneous and isotropic global properties of masonry as structural material.
According to this assumption, it is possible to carry out analytical-based assessments, which can provide
valuable results for the development and calibration of new analytical approaches.
Following this idea, three different analysis are presented herein: (i) the comparison between the
elastic stiffness computed through Eqn. 4.4 and both the initial and the effective stiffness obtained from
the experiments; (ii) the comparison between the static overturning moment obtained on the basis of a
simplified static model and the maximum experimental overturning moment; and (iii) the analysis of the
relation between the idealised ultimate displacement and the wall thickness. The ratio obtained between
both the experimental initial and effective stiffness of the walls, Kini and Keff , (which were already
introduced in Table 4.4) and the elastic stiffness evaluated resorting to Eqn. 4.4, Kel, are listed:
Kel =
3EI
h3
(kN/m) (4.4)
where, E is the Elastic Modulus, I, represents the moment of inertia of the wall’s cross-section and h
is the total height of the wall. In this case, the Elastic Modulus value used in the calculations was the
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mean value obtained from the tests (in Table 4.2). It is worth highlighting that the results obtained
for ratio Kel/Kini are quite interesting, presenting small variation ranges within each of the considered
pre-compression levels. In fact, as shown in Table 4.6, ratio Kel/Kini was found to be in average 77%
for the case of no pre-compression force, and 70% and 59% for a pre-compression force of 52 kN and 140
kN, respectively.
As already introduced, the analytical prediction herein performed is based on static equilibrium
considering rigid-body flexural/rocking behaviour. Figure 4.22 presents the simplified model used to
compute the analytical static overturning moment of the walls, M0.
(a) at ∆=0 (b) at ∆=∆f (incipient rocking)
Figure 4.22: Simplified analytical model considered for the analysis
The comparison between the maximum experimental overturning moment, Mmax, obtained in each
out-of-plane tests and the analytical static overturning moment obtained through the simplified analytical
model, M0, considering the three levels of pre-compression forces used in the tests (i.e. N=0 kN, N=52
kN and N=140 kN), is presented both in Table 4.6 and in Figure 4.23.
Table 4.6: Confrontation between the experimental results and the analytical predictions
Test
Kini Keff Keff/Kini Kel Kini/Kel Keff/Kel Mmax M0 Mmax/M0(kN/m) (kN/m) (%) (kN/m) (%) (%) (kNm) (kNm)
OP PA1 3707 1986 53.58
5426.6
75.51 70.95 14.57 14.64 1.00
OP PF1 3575 1484 41.50 78.29 53.02 15.28 15.19 1.01
OP PA2 4137 2469 59.67 67.66 88.21 28.30 32.84 0.86
OP PF2 3893 1744 44.81 71.90 62.31 33.08 33.39 0.99
OP PA3 4712 2689 57.06 59.50 96.07 47.33 61.44 0.77
OP PF3 4769 2049 42.96 58.69 73.20 57.02 61.99 0.92
Mean value 49.93% 68.59% 73.96% 0.93
Coef. variation 15.64% 11.92% 21.60% 10.30%
Figure 4.23: Correlations found between Kini and Keff and between M0 and Mmax
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The maximum stability displacement, ∆f , is another interesting and useful parameter for describing
the out-of-plane response of masonry walls. Although this value may be difficult to obtain directly from
experimental tests, it is possible to idealise the final branch of the decay curve and accordingly, ∆f , based
on the envelope curves presented in Figure 4.24 (a). The slope of the decay branches was defined here
by means of two points: the maximum experimental overturning moment, Mmax, and the overturning
moment corresponding to the maximum experimentally imposed displacement, Mu.
(a) idealisation of the experimental decay branches (b) bilinear spines obtained from the experimental results
Figure 4.24: Definition of the overturning moment-rotation bilinear spines
As can be also observed in Figure 4.24 (a) and in Table 4.7, all the other decay branches present a
good agreement regarding the value of the ultimate displacement ∆f . In fact, the average value obtained
for ratio ∆f/t is 60%, which is in line with previous proposals in literature wherein ∆f is usually assumed
as about 2/3 of the wall thickness, t. Figure 4.24 (b) depicts the idealised bilinear spines obtained for
each pre-compression level, computed from the average of the slopes and overturning results summarised
in Table 4.7.
Table 4.7: Definition of ratios Mexp0 /M0 and ∆f/t
Test M(θ) = −K · θ +Mexp0
Mexp0 −K¯ ¯Mexp0 Mexp0 /M0
θu ∆f/t(kNm) (kNm) (kNm) (rad)
OP PA1 M(θ) = 79.94θ + 15.36 15.36
88.54 15.57
1.05 0.174 0.74
OP PF1 M(θ) = 97.14θ + 15.78 15.78 1.04 0.174 0.63
OP PA2 M(θ) = 231.24θ + 31.56 31.56
229.48 32.81
0.96 0.190 0.53
OP PF2 M(θ) = 227.71θ + 34.06 34.06 1.02 0.163 0.58
OP PA3 M(θ) = 366.24θ + 53.08 53.08
390.91 57.40
0.86 0.265 0.56
OP PF3 M(θ) = 415.56θ + 61.72 61.72 1.00 0.173 0.57
Mean value 0.99 0.60
Coef. variation 7.14% 12.50%
Finally, one last note regarding the result of ratios Mexp0 /M0, presented in Table 4.7, which range
between about 0.86 and 1.05, with an average value of 0.99 (7.14% CoV).
4.6 Final remarks
This chapter reports an experimental campaign carried out at the Laboratory of Earthquake and Struc-
tural Engineering of FEUP, Porto, in order to study the out-of-plane behaviour of traditional stone
masonry walls. Six full-scale stone masonry specimens were constructed by professional masons and
tested resorting to two different loading techniques, under three distinct vertical pre-compression states.
Three of the specimens were subjected to an out-of-plane surface load resorting a system of airbags
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and the remaining were tested by means of an out-of-plane horizontal line-load. Before testing, a thor-
ough characterisation of the masonry specimens was performed, namely concerning their most important
mechanic, geometric and dynamic features. Subsequently, the principal results obtained from the six
out-of-plane tests performed were compared and discussed, and the chapter is closed with an analytical
study, carried out on the basis of such experimental results, wherein a comparison between analytical
and experimental stiffness, strength and displacement results is presented.
Among other relevant conclusions that were pointed out herein, this experimental campaign allowed to
observe that both the test setups are able to globally mobilize the out-of-plane response of the masonry
walls. In general terms, the walls presented substantial displacement capacity as well as good energy
dissipation capacity which, as expected, was proved to be highly influenced by boundary conditions,
namely by the vertical pre-compression state of the walls. Finally, very interesting results were obtained
from the simple analytical model used to obtain some experimental-based ratios. Among the discussed,
the result obtained for ratio ∆f/t is one of the most relevant findings, showing a good agreement with
some previous studies presented in literature.
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PART B
Analytical work
Summary Part B of the thesis is devoted to the analytical study of the seismic performance of stone masonry
walls. An original simplified analytical approach, based on the construction of a linearised four-branch model,
in presented and discussed in Chapter 5. Chapter 6 is focused on the calibration and extension of an existing
seismic vulnerability methodology on the basis of post-earthquake damage observation collected following the
1998 Azores earthquake.
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CHAPTER 5
A SIMPLIFIED FOUR-BRANCH MODEL FOR THE ANALYTICAL STUDY OF
THE OUT-OF-PLANE PERFORMANCE OF REGULAR STONE URM WALLS
A simplified four-branch model for the analytical study of the out-of-plane performance of regular stone URM walls.
Engineering Structures Jan 2015, 83: 140-153, doi: 10.1016/j.engstruct.2014.10.048.
Abstract This chapter focuses on the study of the out-of-plane bending of unreinforced stone masonry walls
(cantilevers) by proposing a simplified analytical approach based on the construction of a linearised four-branch
model, which is used to characterise the linear and nonlinear response of such structural elements through an
overturning moment-rotation relationship. The formulation of the four-branch model is presented and described
in detail and the meaningful parameters used for its construction are obtained from the experimental laboratory
tests presented in Chapter 4. Moreover, a parametric analysis aiming to evaluate the effect of these parameters’
variation on the final configuration of the model is presented and critically discussed. Finally, the results ob-
tained from the application of the developed four-branch model on real unreinforced regular sacco stone masonry
walls are thoroughly analysed and the main conclusions obtained from its application are summarised.
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5.1 Introduction and motivation
As mentioned by several authors, stone masonry is one of the oldest and most worldwide building tech-
nique still in use. If on one hand, it is true that unreinforced stone masonry can be considered as one of
the simplest type of structural systems concerning its assemblage, on the other hand, it is simultaneously
one of the most complex construction systems in terms of performance assessment, particularly con-
cerning its out-of-plane seismic response. In fact, among all the vulnerability issues associated with the
seismic response of traditional unreinforced masonry walls, the out-of-plane wall response is undoubtedly
the most important and complex. Such fact is recognised amongst the scientific community dedicated to
the study of this type of structures and has been convincingly demonstrated by recent earthquakes [185].
Thus, it is clear that existing unreinforced masonry walls may be vulnerable to future earthquakes and
therefore should be studied for their out-of-plane seismic resistance.
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During the last years, several studies have been presented aiming to assess the out-of-plane seismic
response of unreinforced stone masonry structures. This fact led to the development and the use of a wide
variety of approaches, ranging from simple kinematic based analytical models up to complex numerical
simulations [185]. Nevertheless, for the sake of simplicity, the out-of-plane seismic response of a masonry
wall pier can be obtained by means of a simple single-degree-of-freedom system while still providing
good results (see for example [64, 97]). In fact, despite the assumptions associated with such a simple
formulation (nonlinearities associated with material and construction practices, for example), it is also
true that the epistemic uncertainty inherent with the selection of appropriate input parameters in more
complex models may render them ineffective and unreliable. In addition, the simplicity and the low
computational effort associated with single-degree-of-freedom formulations make them very interesting
both for structural stability verification and assessment purposes.
Bearing in mind the above reported framework, a simplified four-branch model based on a single-
degree-of-freedom idealisation of the out-of-plane response of unreinforced stone masonry walls is pre-
sented and thoroughly described in this chapter. The model, based on an overturning moment-rotation
relationship, is conditioned by two meaningful parameters which are related to the physical and me-
chanical features of the masonry walls. A parametric analysis aiming to evaluate the effect of these
parameters on the final configuration of the model is discussed and an experimentally calibrated range
for such parameters is proposed for unreinforced regular sacco stone masonry. Finally, an application
of the developed four-branch model on real unreinforced regular sacco stone masonry walls is presented
and a comparison between the results obtained and some displacement limits available in the literature
is further provided and discussed.
5.2 SDoF approaches for the analysis of the out-of-plane response of walls
Despite the already noted fact that several works have been presented regarding the assessment of the out-
of-plane behaviour of unreinforced stone masonry structures, the truth is that limited attention has been
given in the past to the dynamic response of out-of-plane mechanisms in the overall structural behaviour
of unreinforced masonry buildings. In fact, this issue has been usually treated only based on the capacity
of the structure to resist to lateral static forces [52]. However, different studies have demonstrated that
unreinforced masonry walls subjected to dynamic loads can resist accelerations higher than their static
strength (for example [63] or [38]) and that they tend to respond as rigid bodies subjected to rocking,
the reason why these elements are more sensitive to displacement and velocity rather than acceleration.
5.2.1 Flexural-based approaches
Priestley was one of the first authors exploring this type of formulation by means of an extension of the
ultimate strength methods of design analysis which replaced the traditional methods based on working
stress calculations (excessively conservative) [65]. By introducing the concept of ductility within an
energy framework, Priestley demonstrated that the level of seismic loading required to cause failure tends
to greatly exceed the predictions obtained by simple ultimate strength calculations, especially in the case
of face-loaded walls. Such theoretical formulation was experimentally validated through an extensive
experimental programme on shaking table face loaded walls. Having validated this initial theoretical
formulation, a novel procedure for ultimate load estimation incorporating energy considerations based on
the computed load-deflection (or acceleration-displacement) curve was further proposed by the author.
The main disadvantages of this approach lie in the fact that the energy demand calculation is very sensitive
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to the selection of the elastic natural frequency and it is relevant solely for a narrow band of frequencies.
It is worth noting that this topic was later addressed by Doherty in [38], who, in 2002, presented a new
simplified linearised displacement-based procedure wherein a trilinear relationship is used to characterise
the out-of-plane response of unreinforced masonry walls by a nonlinear force-displacement relationship.
This procedure, later used and improved by [12, 97, 139], is based on the reserve capacity of rocking
unreinforced masonry walls to displace out-of-plane without overturning, arising as the wall’s post crack-
ing response is governed by stability mechanisms. That is to say, the wall’s geometric instability will
only occur when the displacement exceeds its stability limit. Therefore, a cracked unreinforced masonry
wall rocking with large horizontal displacements may be modelled as a rigid body on simple one-way
bending (cantilevers or simply supported walls spanning vertically between supports). It is, however,
important to note that the assumption of rigid body behaviour is realistic only for low values of axial
force, being that, in the case of high compressive forces, the individual deformation of the blocks can
lead to a non-negligible decrease of the maximum displacement motivated by the lateral deformability of
the wall prior to incipient rocking. As here depicted in Figure 5.1, the “semi-rigid” force-displacement
relationship deviates from the bilinear idealization behaviour assuming a curvilinear profile with the
maximum force lower than the rigid threshold resistance, F0 [11]. Thus, this behaviour can be idealised
by a trilinear relationship defined by three displacement parameters ∆1, ∆2 and ∆f and the already
mentioned force parameter F0, where ∆1 and ∆2 control respectively the initial stiffness reduction and
the strength reduction and ∆f represents the maximum stable displacement.
Figure 5.1: Tri-linear simplified force-displacement model [64]
According to this formulation the lateral static strength and the ultimate displacement of an unrein-
forced masonry wall subjected to out-of-plane loads are therefore only conditioned by three parameters:
(i) geometry, (ii) boundary conditions and (iii) applied vertical forces (including self-weight). This way
the uncertainties in the mechanical properties of the material (especially the elastic modulus and the
compressive strength of masonry) do not affect significantly the results since the effective stiffness of the
wall is the key parameter of the procedure. From an elastic displacement spectrum, the wall displace-
ment demand is predicted independently of its natural period, i.e., knowing the effective mass and the
effective stiffness, Me and Ke respectively, the fundamental period of rocking is determined given the
boundary conditions, state of degradation and level of pre-compression. The principal disadvantage of
this formulation relies on the fact that parameters ∆1, ∆2 and ∆f are quantified and calibrated purely
on the basis of experimental tests (i.e. not mechanically based). A new improved formulation of this
model was very recently proposed by [96].
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5.2.2 Rigid body-based approaches
In 1963, Housner [69] presented one of the first studies on the dynamic response of a slender rigid block
supported on a base undergoing horizontal accelerations. The author examined the free and forced vibra-
tion responses to rectangular and half-sine pulse excitations through the use of an energy approach which
enabled an approximate analysis of the dynamics of a rigid block subjected to a white-noise excitation.
In this study Housner has shown that the rocking frequency of the wall decreases with the increase of its
initial rotation amplitude, presenting also the so-called “scale effects” which are based on the observation
that the larger of two geometrically similar blocks could survive the excitation while the smaller block
topples. Following Housner’s work, Priestley et al. [70] presented a study wherein the possibility of foun-
dation rocking of shear wall structures is investigated and where the author compared Housner’s theory
for free rocking of rigid blocks with experimental results obtained from a simple structural model with a
number of different foundation conditions. In addition, a simple design method for assessing maximum
rocking displacement, resorting to equivalent elastic characteristics and a response spectrum, was also
presented and validated. It is worth mentioning that this methodology was later adopted by the FEMA
356 document [71]. These two works were indeed pioneers in a field where a large number of studies have
been developed over the last decades; [68,72,73,75,77,82,83] are just some examples of those which were
published between 1980 and 2007.
More recently, Sorrentino et al. [84] took a step forward on the application of the rigid-based prin-
ciples with the study of the rocking response of unreinforced masonry fac¸ade walls. In this work, the
fac¸ades are assumed to undergo one-sided rocking due to the presence of internal restraints, such as trans-
verse walls and horizontal structural elements. The dynamic model also accounted, in a simplified way,
for geometrical imperfections. Two sets of excitations were considered and the overturning frequencies
compared against different parameters, such as aspect ratio, imperfection level, energy damped due to
impact against vertical restraint, ground motion variability and direction of the rotation. In 2012, Shawa
et al. [90] developed a modelling strategy to reproduce the out-of-plane dynamic behaviour of masonry
fac¸ade walls wherein these elements arise entirely separated from the transverse walls. A single-degree-of-
freedom system is considered on the basis of this approach and a rocking motion for which an analytical
formulation of the equation of motion is given. Starting from existing rocking models, which concen-
trate damping at impact, the authors formulated a new model that takes into account the asymmetry
resulting from the restraint provided by the transverse walls and from out-of-plumb walls in their at rest
configuration. Moreover, the analytic coefficient of restitution was reduced based on a set of experiments
performed on masonry walls undergoing free rocking oscillations. According to the authors, this approach
is capable of modelling real behaviour, in terms of both entire time history and maximum rotation, even
if model parameters are roughly assumed. Finally, experimental and numerical data generated through
this approach were used to check the current Italian seismic code assessment procedure.
5.3 Construction of the four-branch overturning moment-rotation model
The four-branch overturning moment-rotation model herein presented is based on the definition of four
rotation parameters which define the limit rotations corresponding to cracking, θcr, to yielding, θy, to
the end of the maximum overturning moment plateau, θl, and to the ultimate rotation, θu. Therefore,
according to this analytical formulation, θcr and θy are related to the elastic and the effective stiffness of
the wall, respectively, while θl and θu represents the rotation limit corresponding to the beginning of the
decay branch (strength reduction) and the rotational limit of the wall. These four rotation parameters,
associated with the three limit overturning moments Mcr, Mmax and M0 allow the definition of an
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overturning moment-rotation model able to idealize the out-of-plane response of unreinforced masonry
walls. The configuration of the four-branch overturning moment-rotation model is depicted in Figure 5.2
(a).
(a) Four-branch idealisation of the static M − θ relationship (b) Step-by-step construction of the model
Figure 5.2: Analytical idealisation of the out-of-plane response of unreinforced masonry walls through a four-
branch model
As schematically presented in Figure 5.2 (b), the construction of the four-branch model can be outlined
in a series of simple steps which will be presented in detail in the following subsections.
5.3.1 Definition of the elastic branch
The elastic branch of the model is defined by means of the relationship between elastic overturning
moment versus rotation, until cracking. As it is recognised [186], if tensile strength is neglected, the
onset of cracking can be determined by the linear stress distribution in the center of the masonry section,
which is equal to zero at the extreme fiber. Therefore, cracking moment capacity on the onset of cracking,
Mcr, can be calculated as follows.
Mcr =
(N +W ) · t
6
(kNm) (5.1)
where N represents the vertical pre-compression force acting on the top of the wall and W and t are
respectively the total weight of the wall and its thickness (depicted in Figure 5.3 (a)). Accordingly, and
taking into account that until cracking the wall is working in the linear elastic regime, the corresponding
cracking rotation, θcr, can be calculated resorting to Eqn. (5.2).
θcr =
Mcr · h
3EI
(rad) (5.2)
where E is the Elastic Modulus of the wall and I is the cross-sectional moment of inertia computed on
the basis of the average thickness. From Eqn. (5.1) and Eqn. (5.2), it is then possible to obtain the
elastic branch of the four-branch model which is defined by the points (0, 0) and (θcr, Mcr). Regarding
the Elastic Modulus value, it is worth referring that, when no physical testing is possible, some reference
values can be found in [176,183,187]. Moreover, the elastic stiffness of the wall, Kel, is given by:
Kel =
Mcr
θcr
(kNm/rad) (5.3)
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5.3.2 Definition of the post-cracking branch
In order to obtain the post-cracking branch, the equivalent effective stiffness of the wall, KEqeff , is defined
as a function of its elastic stiffness, Kel, through a constant ξk which relates the slope of the elastic
and the post-cracking branch, Eqn. (5.4). Ranging between 0 and 1.0, the value of ξk depends on the
morphological characteristics of the masonry wall and therefore should be experimentally determined (see
Section 5.4).
Keqeff = ξk ·Kel (kNm/rad) (5.4)
At this point it is necessary to find the maximum overturning moment of the wall, Mmax, from which
the rotation limits θy and θl are indirectly defined by the vertical positioning of the nonlinear plateau
(see Figure 5.2 (a)).
As already introduced, the out-of-plane static response of an unreinforced masonry wall can be ana-
lytically described, in an easy but accurate way, through a simple analytical formulation based on static
equilibrium, considering rigid-body overturning (that is, cracking at the base of the wall). Graphically
described in Figure 5.3, the physical limits of such elements, both in terms of strength and maximum
stability displacement (represented herein as static overturning moment, M0, and ultimate rotation, θu,
respectively), can be found resorting to Eqns. (5.5) and (5.6).
(a) when θ = 0 (b) when θ = θu (incipient rocking)
Figure 5.3: Simplified analytical model: geometric parameters and acting loads
Thus, from the equilibrium to rotation of the free-standing wall about the base corner, Figure 5.3 (b),
the static overturning moment of the masonry wall can be written as:
M0 =
W · t
2
+N (t−∆N ) (kNm) (5.5)
where M0 (= F × h) is the static overturning moment of the wall. ∆N represents the distance between
the interior edge of the wall and the application point of the resultant of the vertical pre-compression
force.
Once defined the equivalent effective stiffness of the wall, Keqeff , and its static overturning moment,
M0, the yielding rotation, θy, can be obtained by Eqn. (5.6) wherein Mmax is computed according to
Eqn. (5.9).
θy =
Mmax −Mcr +Keqeff · θcr
Keqeff
(rad) (5.6)
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Following the logic presented in Figure 5.2 (b), the post-cracking branch of the model is then defined
by the points (θcr, Mcr) and (θy, Mmax).
5.3.3 Definition of the overturning decay branch and the nonlinear plateau
As presented by several authors, namely by [12,64], the overturning decay branch associated with the out-
of-plane response of a free-standing wall can be represented by the static overturning moment-rotation
curve depicted in Figure 5.4, which is mathematically described by Eqn. (5.7) where K0 is the tangent
stiffness of the free-standing wall and M0 is the static moment necessary to trigger its overturning.
M(θ) = M0 −K0 · θ (kNm) (5.7)
Figure 5.4: Rigid-body static overturning moment-rotation relationship of rigid free-standing walls
Thus, the final branch of the model herein proposed can be completely defined on the basis of two
fundamental considerations. The first one is related with the maximum top displacement admitted by
the wall under out-of-plane static response, which is considered here as 60% of its thickness, t. It is worth
highlighting that this value was the one obtained in the experimental campaign reported in Chapter 4
(refer to Table 4.7) and analytically validated for regular sacco stone URM walls by [21]. From this
assumption, the ultimate rotation of the wall θu is then given by Eqn. (5.8).
θu =
0.6 · t
h
(rad) (5.8)
The second assumption is that the maximum overturning moment, Mmax can be related with M0 -
given by Eqn. (5.5) - by means of a constant ξs which should be calibrated on the basis of experimental
observation. As for the case of ξk, a proposal calibrated for regular sacco stone masonry walls will be
further presented in Section 5.4.
Mmax = M0 · ξs (kNm) (5.9)
Once defined Eqn. (5.8), the tangent stiffness of the wall, K0, can be then computed resorting to
Eqn. (5.10).
K0 = −M0
θu
(kNm/rad) (5.10)
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Finally, solving Eqn. (5.7) for Mmax, the limit rotation θl can be expressed as:
θl =
Mmax −M0
K0
(rad) (5.11)
According to the above, the final branch of the model is defined by the points (θl, Mmax) and (θu,
0). Notwithstanding, a final verification about the relative position of points (θy, Mmax) and (θl, Mmax)
should be carried out since in the case of a highly compressed wall, some combinations of parameters ξk
and ξs can led to values of θl smaller than θy. In this situation, the limit rotation θl is not attained in the
out-of-plane response of the wall and the four-branch model reduces to the three branch configuration
depicted in Figure 5.5 (b). In this case, the new final branch is therefore defined by (θy, My) and (θu, 0),
where θy and My represent the yielding moment and the yielding rotation, respectively, and are obtained
by the resolution of the following system of linear equations:
θy =
My −M0
K0
My = K
eq
eff · θy +
(
Mcr −Keqeff · θcr
) (5.12)
It is important to note that this phenomena, typical of highly compressed walls with low strength
capacity, was already reported in past research works (for example in [21]). Figure 5.5 presents side-by-
side the two possible configurations of the four-branch model.
(a) when θy/θl < 1.0 (b) when θy/θl ≥ 1.0
Figure 5.5: Two possible configurations of the four-branch model: (a) regular configuration; and (b) trilinear
configuration
As a final comment, it is worth underlining that the uncertainty with the application of this for-
mulation is concentrated on the definition of the parameters ξk and ξs which depend on the physical
and morphological features of the masonry walls (e.g. quality of the materials, degradation state, etc.).
Hence, the ranges within which these two constants should vary, considering regular sacco stone masonry,
will be discussed in the next section.
5.4 Calibration of parameters ξk and ξs based on experimental data
5.4.1 Calibration of parameters ξk and ξs
As already referred, the experimental data obtained from the out-of-plane tests discussed in Chapter 4 is
used here to calibrate the parameters that control the configuration of the four-brach model. Thus, the
results obtained both with the airbag and the line-load loading scheme are recalled in Figure 5.6 (a) and
(b), respectively, through the hysteretic curves and their corresponding envelopes.
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(a) Airbag testing
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(b) Line-load testing
Figure 5.6: Experimental overturning moment-rotation hysteretic curves and corresponding envelopes
In addition, the six four-branch curves obtained from the direct application of the method over the
experimental results are presented in Figure 5.7 and the key issues from the experimental tests are
summarised and compared in Table 5.1. In this table, Mexpmax is the maximum experimental overturning
moment and Keff represents the experimental effective stiffness, which was directly extracted from the
experimental envelopes considering a tangent line at 70% of Mexpmax.
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(b) Line-load testing
Figure 5.7: Four-branch models obtained from the application of the methodology over the experimental results
Table 5.1: Experimental ranges of parameters ξk and ξs for regular sacco stone masonry walls
Test
Kexpeff Kel Kexpeff/Kel
ξk M
exp
max M0 Mexpmax/M0
ξs
(kNm/rad) (kNm/rad) [ξ¯k ∓ σξk ] (kNm) (kNm) [ξ¯s ∓ σξs ]
OP PA1 14614.18
17493.61
0.84
[0.47 ; 0.87]
14.57 14.64 1.00
[0.84 ; 1.00]
OP PF1 6231.12 0.36 15.28 15.19 1.01
OP PA2 11643.17 0.67 28.30 32.84 0.86
OP PF2 17523.15 1.00 33.08 33.39 0.99
OP PA3 10164.58 0.58 47.33 61.44 0.77
OP PF3 9977.10 0.57 57.02 61.99 0.92
Mean value, ξ¯k 0.67 Mean value, ξ¯s 0.92
Stand. deviation, σξk 0.20 Stand. deviation, σξs 0.08
As presented in Table 5.1, values of effective stiffness ranging between 6231.1 kNm/rad and 17523.2
kNm/rad were obtained in the out-of-plane tests. Although this range is quite large, it can be considered
acceptable taking into account the heterogeneity of the intrinsic properties of the masonry itself, even in
the case of laboratory-made specimens. From the observation of Table 5.1, average values of about 14.93
kNm, 30.69 kNm and 52.18 kNm are obtained for Mexpmax, accounting for pre-compression forces of 0 kN,
52 kN and 140 kN respectively.
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As mentioned in Section 5.3, in order to obtain a range of calibration for parameter ξk, the exper-
imental effective stiffness results, Kexpeff , were confronted with the analytically obtained elastic stiffness
of the walls, Kel on the basis of the ratio K
exp
eff/Kel (see Table 5.1). It should be noted that Kel was
computed through Eqn. (5.3) considering an Elastic Modulus, E, of 0.49 GPa which was experimentally
obtained from a set of vibration tests properly described in [188]. Following the same line, the range of
calibration for parameter ξs was obtained on the basis of the ratio M
exp
max/M0, wherein M0 is computed
through Eqn. (5.5) with ∆N = t/2. On the basis of the statistical interpretation of the data summarised
in Table 5.1 - by identifying the representative mean values of ξ¯k and ξ¯s and defining the upper and
lower bounds [ξ¯k − σξk ; ξ¯k + σξk ] and [ξ¯s − σξs ; ξ¯s + σξs ] - values ranging between 0.47 and 0.87, and
between 0.84 and 1.00, may be used on the out-of-plane analysis of unreinforced sacco masonry walls,
respectively for parameter ξk and ξs. It is important to highlight that, in terms of maximum strength,
this range is in excellent agreement with the experimental and numerical studies of Guiffre` [19,169] and
with the analytical observations of De Felice [21] who refers, for similar masonry sections, maximum
strength values of about 93% of the static overturning force.
As widely recognised, the morphological characteristics of the wall section that most influences its
strength capacity are the number of header blocks, which ensure the connection between leaves, and the
size of the stones. Concerning the effect of the headers, both the results provided by Guiffre` in [19, 169]
and De Felice in [21] have clearly highlighted the influence of the number and of the relative position
between header blocks, on the out-of-plane strength capacity of the walls. In fact, a very strong relation
between the decrease of the ratio between the collapse load of the real and the monolithic wall, λ0, and
the increase of the ratio between the vertical distance s among headers and the thickness b of the wall,
s/b. As shown in the original figure of Guiffre` [19] (Figure 5.8), for values of ratio s/b lower than 1.31,
values between 1.0 and 0.8 were observed for λ0 (= M
exp
max/M0), a range that is in good agreement with
the range of calibration obtained for parameter ξs wherein four out of the six specimens (except OP PF1
and OP PA2) presented values lower than 1.0 for ratio s/b (see Section 4.2.1).
468 G. DE FELICE
1. How are stone masonry walls built?
2. How does masonry arrangement influence out-of-plane capacity?
The first question has been discussed in some depth in treatises on construction
(e.g., Rondelet 1834; Curioni 1872; Breymann 1926; Donghi 1935), when masonry was
the routine construction technique and the rule of art was codified and recognized.
However, the wide variability of materials and local influences is such that many dif-
ferent kinds of masonry may be found in actual situations that often differ from the
codified rule of art. Therefore, work in the field is required to survey masonry with
a view to detecting the effective dimension, position and arrangement of stones within
a wall.
As regards the second question, one of the fir t attempts to i vestigate the decrease i
out-of-plane strength capacity of masonry walls, with decreasing transverse bond between
the two leaves, is due to Giuffrè’s experimental and numerical studies on the so-called
opus quadratum model. The results provided in (Giuffrè 1991; 1996) clearly highlight the
influence of the number of header blocks on the out-of-plane strength capacity (Figure 2),
showing an almos li ear decreas of the ratio λ0 b tween the collapse lo d of the real a d
the monolithic wall, when increasing the ratio s/b between the vertical distance s among
headers and the thickness b of the wall. However, the recourse to squared stones does
not completely cover the variability and complexity of stone masonry sections and the
doubt that irregularities of the stones may induce a more complex behaviour still holds
g od (Trovalusci and Baggio 2003). For rubble stone masonry, several contributions hav
been devoted to analysing the mechanical behaviour of multi-leaf walls, with both exper-
imental tests and numerical analysis (Binda et al. 2006), with a view to strengthening
techniques (Valluzzi et al. 2004), but none of these studies have been devoted to assessing
the behaviour under seismic load.
The aim of this study is to investigate the influence of stone arrangement on the
out-of-plane seismic capacity of rubble stone masonry walls starting form the effective
morphology of the wall section. To this end, a sample of 30 rubble stone masonry sec-
tions was chosen from a database set up by a research group coordinated by Professor L.
Binda (Binda et al. 1999; 2003), which comprises several h ndred drawings and surveys of
1
λ0
0,8
0,6
0,4
0,2
0
0,43 0,66 0,87 1,09 1,31 1,53 1,75 1,97 2,19 2,41 2,62 2,84 3,06 3,28 3,50 3,72 3,94 4,16
s/b
Figure 2. Graph of the experimental results of two leaves “opus quadratum” walls: decrease in out-of-plane
strength capacity with decreasing number of headers (adapted with permission from Giuffrè, 1996, p. 117).
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Figure 5.8: Decrease in out-of-plane strength capacity with decreasing number of headers (in [21], adapted
from the original [19])
Moreover, De Felice corroborated the above cited results of Guiffre` by means of a series of quasi-static
and dynamic analyses. Among other relevant results, the author showed that up to a certain number of
headers (approximately 7% in the vertical cross-section), the behaviour of the real section is close to that
of a monolithic one. Thus, and taking into account this statement, it is worth highlighting that all the
specimens used for the calibration of ξs present percentages of headers of about 25%, a fact that further
supports the obtained calibration ratio. Regarding the size of stone, De Felice observed in [21] that the
size alone is not sufficient for detecting the out-of-plane strength. According to the author, when the
average size is large, a relative high strength seems to be guaranteed. However, when the average size
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is rather small, a wide spread in strength is observed. Notwithstanding this fact, and as can be seen in
Figure 5.9 (a), the great majority of the analyses indicate out-of-plane strength capacity values ranging
between 0.6 and 0.9, which is a result that corroborates the values obtained for the headers. Following
a similar research line, an indenting index l/h which evaluates the length l of the line of least resistance
that can be traced along mortar joints was proposed by Doglioni and Mirabella [189]. According to such
formulation, the longer l for a given wall’s height h, the more effective the interlocking among stones (see
Figure 5.9 (b)).
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Figure 9. Graphs of a) the pushover acceleration-displacement curves, b) corresponding maximum values (color
figure available online).
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Figure 10. Graphs of relationship between out-of-plane strength capacity of the wall section: a) average size of
the section of the stones; and b) indenting index (color figure available online).
analysis for increasing time intervals, we determine the minimum time interval required
to overturn the wall and the corresponding value of the acceleration pulse Ju = a !t.
Smaller time intervals may set the wall to start rocking or the external leaf to begin detach-
ing but not collapsing. The displacement capacity of the wall section is defined as the
maximum top displacement du that the wall is capable of sustaining without collapsing
(Figure 11).
As expected, for all the masonry sections, it gives du < b, as shown in Figure 12,
where the normalized displacement capacity δu = du/b is plotted against the collapse
acceleration pulse Ju for all the dynamic analyses carried out when varying intensity and
direction of the ground acceleration. The displacement capacity lies between 30% and 88%
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Figu e 10. G aphs of relationship between out-of-plane strength capacity of the wall section: a) av rage size of
the section of the stones; and b) indenting index (color figure available online).
analysis for creasing ime intervals, we determine the min um ime interval required
o overturn the wall and the corresponding valu of th cceleration pulse Ju = a !t.
Smaller ime intervals may set the w ll t start r cking or the external l af to begin detach-
i g but not collapsing. The displacement capacity of the wall section is defined as the
maximum top displacement du that the w ll is capable of sustaining without collapsing
(Figure 11).
As expected, for all the masonry ec ions, it gives du < b, as shown in Figure 12,
where the normalized displacement capacity δu = du/b is plotted against the collapse
cceleration pulse Ju for all the dynamic analys s carried out whe varyi g inte sity and
direc ion of the ground cceleration. The displacement capacity li s between 30% and 88%
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Figure 5.9: Relationship between the out-of-plane strengt capa ity of th all sections, dep nding on whether
the acceleration acts from he left r th ri ht side: (a) a erage size f the stones; and (b) indenting index [21]
As a final note, it important to point out hat t is k nd of analyses could provide an accurate
and reliable range of values which can be then used in order to adapt the four-branch model for the
analysis of different kinds of unreinforced stone masonry walls on the basis of, for example, their vertical
cross-section properties.
5.4.2 Parametri analysi
In this section a series of parametric analysis are presented and discussed aiming at evaluating the
sensitivity of the four-branch model configuration, given by the relative position of rotation limits θcr,
θy, θl and θu, in function of parameters ξk and ξs. In order to perform such parametric analysis, a set
of six reference walls were selected so as to obtain a realistic but differentiated range, in terms of their
geometric characteristics and applied load. Table 5.2 presents the range of properties considered in the
reference walls. Note that for the sake of coherency with the previously presented experiments, a unit
weight of 21 kN/m3 and an Elastic Modulus of 0.49 GPa were also assumed.
Table 5.2: Reference walls for the parametric analysis
Wall
t b h
h/t
N W
ψ
Mcr θcr Kel M0 θu
(m) (m) (m) (kN) (kN) (kNm) (rad) (kNm/rad) (kNm) (rad)
1 0.60 1.50 2.00 3.33 0 37.80 0.00 3.78 0.00019 19845.0 11.34 0.180
1N 0.60 1.50 2.00 3.33 50 37.80 1.32 8.78 0.00044 19845.0 26.34 0.180
2 0.60 1.50 2.50 4.17 0 47.25 0.00 4.73 0.00030 15876.0 14.18 0.144
2N 0.60 1.50 2.50 4.17 50 47.25 1.06 9.73 0.00061 15876.0 29.18 0.144
3 0.75 1.50 2.00 2.67 50 47.25 1.06 12.16 0.00031 38759.8 36.47 0.225
4 0.60 1.00 2.50 4.17 0 31.50 0.00 3.15 0.00030 10584.0 9.45 0.144
As show in Table 5.2, three geometric slenderness ratios (h/t =2.67, 3.33 and 4.17) and three different
overburden conditions (ψ =0, 1.06 and 1.32) were obtained from the pre-selected geometrical and loading
features. Besides, six individual values of cracking moment,Mcr, cracking rotation, θcr, elastic stiffness,
Kel, static overturning moment, M0, and ultimate rotation, θu, were computed resorting to Eqns. (5.1),
(5.2), (5.5) and (5.8), respectively. In all cases, the axial load was considered eccentric, i.e., ∆N was taken
equal to t/2 in Eqn. (5.5). Thus, two initial sensitivity analyses were carried out in order to evaluate the
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simultaneous influence of parameters ξk and ξs (within the ranges [ξ¯±σξ]) on the relative position of θcr
to θy and θy to θu (Figures 5.10 and 5.11 respectively). The 3D surface data presented in Figure 5.10
shows that the ratio θcr to θy, which defines the length of the second branch of the model, is more
sensitive to the variation of parameter ξk than of parameter ξs. Notwithstanding this fact it is interesting
to note that the influence of ξs in such ratio is not constant throughout all the range of values. In fact,
as can be seen in the upper part of the surface, the influence of ξs is more meaningful for higher values
of parameter ξk.
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Figure 5.10: Influence of parameters ξk and ξs in ratio θcr/θy
Following the same line, some important conclusions about the influence of a wall’s geometry and
loading conditions on the behaviour of the yielding rotation limit, θy, can be pointed out from the
analysis of the six 3D surfaces presented in Figure 5.11. To begin with, the influence of the axial load on
the final position of the wall’s yielding rotation is clearly shown by the relative vertical positioning of the
surfaces corresponding to wall 1 to 1N, Figures 5.11 (a) and (b), and to wall 2 to 2N, Figures 5.11 (c) and
(d). In this sense, starting from equal geometrical features, walls with higher levels of axial load (higher
overburden ratios) present higher values of yielding rotation, θy, and consequently higher θy/θu ratios.
It is worth highlighting that this result is in good agreement with previous experimental observation (see
for example [97]).
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0 . 4 7 0 . 5 5 0 . 6 3 0 . 7 1 0 . 7 9 0 . 8 7
0 . 0 0 0
0 . 0 0 4
0 . 0 0 8
0 . 0 1 2
0 . 0 1 6
0 . 0 2 0
0 . 0 2 4
0 . 8 4
0 . 8 8
0 . 9 2
0 . 9 6
1 . 0 0
ξ sξk
θ y /
θ u
W a l l  4
(f) h/t = 4.17; b = 1.00; ψ = 0
Figure 5.11: Influence of parameters ξk and ξs in ratio θy/θu
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From the analysis of wall 3 to wall 2N, it is possible to notice that thicker walls tend to present lower
yielding rotation values, Figure 5.11 (e). In both cases the influence of parameter ξk on ratio θy/θu is
clear: the higher the value of parameter ξk, the lower the value of ratio θy/θu and the lower the influence
of such parameter on the yielding rotation value. A final comment for the non-influence of the walls’
width on the shape of the four-branch model, a fact that is evidenced by the same spatial configuration
of the 3D surfaces corresponding to walls 2 and 4, Figures 5.11 (c) and (f).
A further analysis of the relation between parameter ξs and the ratio of the yielding rotation to the
limit rotation, θy/θl, which in practice reflects the development of the nonlinear plateau of the wall, is
presented in Figure 5.12. From this analysis it is clear that the higher the parameter ξs, the smaller
is the nonlinear plateau. In fact, as can be clearly seen in this figure, the influence of parameter ξs is
quite reduced in the range of µ¯s − σµs to µ¯s which means that, within this range, the model can be
considered relatively well-conditioned regarding the obtention of the limit rotation, θl. However, such
influence becomes more significant for values of ξs between 0.93 and 0.99. This phenomena can be clearly
observed in the case of walls 1N and 2N.
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Figure 5.12: Effect of the variation of parameters ξk and ξs on ratio θy/θl
In addition, for higher values of ξs, Walls 1N and 2N present ratios of θy/θl greater than 1.0, the
already referred limit situation wherein the limit rotation, θl, is smaller than the yield rotation, θy. In
those cases, the four-branch model acquires the trilinear configuration addressed in Section 5.3.3 and
depicted in Figure 5.5 (b).
5.5 Discussion of the results and data interpretation
5.5.1 Application of the four-branch model
Figures 5.13 to 5.15 present the results obtained from the application of the four-branch model on the
six masonry specimens introduced in Section 5.4. For each one of the axial loading levels considered in
the tests (N=0kN, 52kN and 140kN), two final outputs are presented: (a) the comparison between the
first three branches of the model and the initial phase of the experimental overturning moment-rotation
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envelope; and (b) the comparison between the full four-branch model and the complete experimental
envelope. Moreover, the final configuration of the model (depicted in solid red) is presented together
with the lower and the upper bounds [ξ¯k − σξk ; ξ¯s − σξs ] and [ξ¯k + σξk ; ξ¯s + σξs ] (indicated in dot red),
respectively. The confrontation between the experimental and the analytical results are additionally
summarised in Table 5.3.
(a) analytical versus experimental stiffness (b) full model
Figure 5.13: Four-branch idealisation over the experimental envelopes for a pre-compression force of 0 kN
(a) analytical versus experimental stiffness (b) full model
Figure 5.14: Four-branch idealisation over the experimental envelopes for a pre-compression force of 52 kN
(a) analytical versus experimental stiffness (b) full model
Figure 5.15: Four-branch idealisation over the experimental envelopes for a pre-compression force of 140 kN
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As presented in Table 5.3, and only considering the average values of parameters ξ¯k and ξ¯s, a mean
value of 1.0 was obtained for the ratio between the experimental and the analytical effective stiffness,
KExp.eff /K
Analitc.
eff , with an associated standard deviation value of 0.31. Concerning the ratio between
the maximum experimental and analytical overturning strength, MExp.max /M
Analitc.
max , a mean value of 1.03
and a standard deviation values of 0.10 were obtained. Still regarding the deviations obtained, it is
important to underline that they are dispersed throughout the range of the results which indicate that
the formulation works properly independently of the overburden ratio, ψ, considered.
Table 5.3: Comparison between experimental and analytical results in terms of effective stiffness
Test K
Analitc.
eff
KExp.eff /K
Analitc.
eff M
Analitc.
max (kNm) M
Exp.
max /M
Analitc.
max
(kNm/rad) ξ¯k − σξk ξ¯k ξ¯k + σξk ξ¯s − σξs ξ¯s ξ¯s + σξs ξ¯s − σξs ξ¯s ξ¯s + σξs
OP PA1
ξ¯k − σξk=8396.93
1.74 1.25 0.96
12.30 13.53 14.49
1.18 1.08 1.01
OP PF1 0.74 0.53 0.41 1.24 1.13 1.05
OP PA2
ξ¯k=11692.24
1.39 1.00 0.77
26.49 29.14 31.22
1.07 0.97 0.91
OP PF2 2.09 1.50 1.15 1.25 1.14 1.06
OP PA3
ξ¯k + σξk=15219.44
1.21 0.87 0.67
50.52 55.56 59.54
0.94 0.85 0.79
OP PF3 1.19 0.85 0.66 1.13 1.03 0.96
Mean value 1.39 1.00 0.77 Mean value 1.13 1.03 0.96
Stand. deviation 0.43 0.31 0.24 Stand. deviation 0.11 0.10 0.09
Table 5.4 summarises the final rotation ratios obtained from the above analytical results and Fig-
ure 5.16 shows the relationships found between the two ratios θcr/θu and θy/θu, and the overburden
conditions. As presented in the table, for the combination of values of ψ ≥ 1.17 and [ξ¯ + σξ], the value
of ratio θl/θu is lower than for ratio of θy/θu, a phenomena that was already addressed in Sections 5.3.3
and 5.4.2. Regarding Figure 5.16, it is noteworthy that despite the fact that the relation found between
the overburden ratio, ψ, and both the analysed ratios, θcr/θu and θy/θu, is constant throughout the
analysed range, the dispersion in the values of ratio θy/θu grows significantly with the increase of the
overburden ratio, ψ. This observation is consistent with the results obtained from the parametric analysis
presented in Section 5.4.2.
Table 5.4: Resultant rotation ratios
Test ψ θcr/θu
θy/θu θl/θu
ξ¯ − σξ ξ¯ ξ¯ + σξ ξ¯ − σξ ξ¯ ξ¯ + σξ
OP PA1 & OP PF1 0 0.18% 0.75% 0.65% 0.58%
16.00% 7.61% 1.00%OP PA2 & OP PF2 1.17 0.39% 1.61% 1.41% 1.26%
OP PA3 & OP PF3 3.15 0.72% 2.98% 2.61% 2.34%
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Figure 5.16: Relation between the ratios θcr/θu and θy/θu and the overburden conditions
Despite the methodological differences between the herein proposed four-branch model and the tri-
linear formulations described in Section 5.2.1, the rotation ratios obtained from the first one (presented
in Table 5.4) can be directly compared with the trilinear parameters proposed for regular brick masonry
walls (refer to Figure 5.1). Regarding this matter, it is only worth pointing out here that, as expected,
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the ratios associated to the out-of-plane behaviour of sacco stone masonry walls are quite different from
the ones proposed in literature for regular brick masonry walls, which vary between 1% and 9% in the
case of ratio ∆1/∆f , herein relatable with θy/θu, and between 20% and 70% in the case of ∆2/∆f , herein
relatable with θl/θu (see Table 5.5 and Figure 5.17).
Table 5.5: Comparison between different proposes for trilinear parameters ∆i/∆f and the limit rotation ratios
θy/θu and θl/θu
Trilinear model
∆1/∆f ∆2/∆fCalibrated for regular brick masonry
Doherty et al. [64] 6% 28%
Derakhshan, Ingham & Griffith [97] 1% 25%
Derakhshan & Ingham [190] 1% - 9% 20% - 70%
Four-branch model
θy/θu = 0.65%− 2.61% θl/θu = 7.61%Calibrated for regular sacco stone masonry
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(c) Derakhshan & Ingham [190]
Figure 5.17: Graphical comparison between the four-branch model and the trilinear models proposed in the
literature for regular brick masonry walls with no axial compression
It is worth noting that the comparison presented in Figure 5.17 should be seen as merely representative,
since the results presented in this figure were obtained from the application of the trilinear model and
the four-branch approach to morphologically distinct masonry sections (regular brick masonry regular
sacco stone masonry respectively) with different stiffness properties, which justifies the relative position
of the yielding point of each model. A further discussion about the application of the existing trilinear
proposal to unreinforced sacco stone masonry walls can be found in [191,192].
5.5.2 Definition of limit states
Finally, the ratios discussed in Section 5.5.1 can be also related with three growing limit states defined
for the out-of-plane response: Limit State 1 (LS1, serviceability limit state) which defines the opening
of the first flexural crack; Limit State 2 (LS2), related to maximum strength; and Limit State 3 (LS3)
which gives the maximum allowable damage. Moreover, in accordance to the Italian code [165], a fourth
limit state associated with failure (LS4) can be further defined as 40% of the ultimate rotation, θu. The
definition of each one of these four limit states on the basis of the average rotation ratio obtained in the
previous section (see Table 5.4) is presented in Table 5.6.
Table 5.6: Rotation ratios and corresponding limit states
Test ψ
Limit State 1 Limit State 2 Limit State 3 Limit State 4
First flexural crack Maximum strength Maximum allowable damage Failure
OP PA1
0 0.18% · θu 0.65% · θu
7.61% · θu 40% · θu
OP PF1
OP PA2
1.17 0.39% · θu 1.41% · θuOP PF2
OP PA3
3.15 0.72% · θu 2.61% · θuOP PF3
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According the results presented in Table 5.6 the first limit state was attained for rotation levels
corresponding to 0.18%, 0.39% and 0.72% of the ultimate rotation of the wall, θu, respectively for each one
of the three growing overburden levels considered. Following the same logic, and considering the average
values of parameters ξ¯k and ξ¯s, the second and the third limit state were attained for rotation levels of
0.65%, 1.41% and 2.61% (LS2) and 7.61% of the ultimate rotation of the wall (LS3). The definition of the
these four resultant limit states, considering the overburden ratios presented in Table 5.6, is illustrated
in Figure 5.18.
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Figure 5.18: Definition of limit states on the four-branch curves obtained from different overburden ratios
5.6 Final remarks
An original simplified analytical approach based on the construction of a linearised four-branch model
for the analysis of the out-of-plane response of unreinforced sacco stone masonry walls was presented
and discussed in this chapter. The formulation was calibrated on the basis of a set of results obtained
from the experimental laboratory campaign presented in Chapter 4, wherein six full-scale unreinforced
regular sacco stone masonry specimens were tested resorting to two different testing setups. From this
calibration, two ranges for values of parameters ξk and ξs which control respectively the effective stiffness
and the configuration of the nonlinear plateau of the out-of-plane response were proposed for unreinforced
sacco stone masonry walls. Moreover, a parametric analysis of such parameters was discussed accounting
for their relative influence on the final configuration of the four-branch model and finally, the results
obtained from an application of the model were presented and critically analysed.
As a general comment, it is worth underlining the fact that, despite the high level of simplification,
this model manages to reproduce in a very acceptable way some of the most relevant features of the
out-of-plane response of unreinforced masonry walls, such as its maximum out-of-plane capacity, both
in terms of overturning moment and rotation, as well as its elastic and effective stiffness. In addition,
the shape of the overturning decay branch associated with the out-of-plane response of the wall (post
nonlinear plateau phase) is also well captured by the model.
Finally, it is important to recall the fact that, when compared with more complex methodologies, this
approach presents the undeniable advantage of being, on the one hand, straightforward in its application
and, on the other, not affected by the epistemic uncertainties inherent to the selection of appropriate
input complex parameters associated for example with the mechanical characterisation of the materials.
Therefore, this simplified procedure appears as a practical alternative to other simplified approaches,
which have been developed and calibrated either for different types of nonlinear response or for different
types of masonry, both in terms of its arrangement and constitutive materials. Moreover, and as presented
in the chapter, if this model is applied together with previous experimental and numerical results [19,21,
169], it can be easily applied to other masonry walls with different typologies and assemblages.
91

CHAPTER 6
SEISMIC VULNERABILITY OF MASONRY FAC¸ADE WALLS: CALIBRATION
USING FRAGILITY-BASED RESULTS AND OBSERVED DAMAGE
Abstract This chapter is focused on the calibration of a seismic vulnerability assessment method for masonry
fac¸ade walls on the basis of two complementary approaches. The first relies on the construction of a set of
fragility curves, obtained from the limit states defined in the previous chapter, whilst the second is based on
post-earthquake damage data collected after the earthquake that struck the Azorean island of Faial in the 9th
of July 1998. Such data, which includes both information related to the damaged building stock (mainly rubble
stone masonry buildings of 2-3 storeys) and comprehensive macroseismic intensity scenarios, are herein used
for calibrating the weights associated to each of the ten parameters that compose the original formulation of
the vulnerability method and the results obtained from such calibration are then presented and deeply discussed
taking into account not only the calibration itself, but also the reliability of the results obtained from such kind
of methodologies. Finally, the addition of three new evaluation parameters is further analysed.
Chapter outline
6.1 Introduction and motivation
6.2 Literature review on empirical seismic vulnerability assessment methods
6.2.1 Typological techniques
6.2.2 Indirect techniques
6.2.3 Conventional techniques
6.2.4 Hybrid techniques
6.3 Seismic vulnerability assessment of masonry fac¸ade walls
6.3.1 The original vulnerability index formulation
6.3.2 Damage distribution and scenarios
6.4 Calibration of the original vulnerability index formulation
6.4.1 Calibration with fragility-based results
6.4.2 Calibration from observed damage
6.4.2.1 Application of the methodology to real buildings
6.4.3 Calibration of the evaluation parameters
6.5 Proposal for the inclusion of three new assessment parameters
6.5.1 Definition of the new assessment parameters
6.5.1.1 Parameter P5: Interaction between adjacent fac¸ade walls
6.5.1.2 Parameter P8: Replacement of original flooring system
6.5.1.3 Parameter P13: improving elements
6.5.2 Definition of the new assessment parameters’ weights
6.6 Final remarks
6.1 Introduction and motivation
According to several past studies [193–197], absolute seismic risk evaluation of built-up areas can be
expressed as the probability of occurrence of a seismic event of certain intensity, for a specific site and
during a determined period of time, and mathematically described by the convolution between hazard,
vulnerability and exposure, Eqn. (6.1).
Rie|T = | (Hi ⊗ Ve)⊗ E|T (6.1)
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where R is the probability of exceeding a certain level of loss for an exposed element e as a consequence
of a seismic event of intensity i, H is the probability of exceeding a certain level of seismic activity with
intensity i during a recurrence period T, V is vulnerability, that is the intrinsic predisposition of an
element e to suffer damage from a seismic event of intensity i, and E is the exposure of the elements at
risk, reflecting the value of the exposed elements [198]. Within this holistic approach, the building stock
vulnerability assessment of an urban centre is a key prerequisite for its seismic risk assessment, assuming
great and particular importance, not only because of its obvious physical consequences, but also because
it is the only factor that remains to be engineered.
When performing vulnerability assessment of a large number of buildings and over an urban centre or
region, the resources and quantity of information to collect and treat can be enormous and thus the use
of more expedite approaches results more adequate. Methodologies for vulnerability assessment either at
the national and urban scale should be based on few parameters, of empirical nature, defined through
the knowledge of the effects of past earthquakes, which can then be treated statistically [159]. The
definition and nature of such approach (qualitative and quantitative) naturally limits the formulation of
the methodologies and the level at which the evaluation is conducted, from the expedite evaluation of
buildings based on visual observation to the most complex numerical modelling of single buildings (see
Figure 6.1).
Detailed analysis methods (numerical and mechanics)
Typological techniques
Indirect techniques
Conventional techniques
Hybrid techniques
Experimental methods
BUILDING AGGREGATE URBAN AREA
Figure 6.1: Analytical techniques used at different evaluation scales [199]
A most important criteria that distinguishes vulnerability approaches for old masonry buildings is
whether the method is purely empirical, i.e., based on observation of damage of past-earthquakes, from
which a correlation between building typologies and damage level given a known macroseismic intensity
level can be derived, or analytical, where a model of a representative building for a typology is defined
and a response of such model to expected shaking intensities is computed.
The empirical methods are particularly suited to old city centres, where a record of past earthquakes
is available and damage to the building has been systematically collected over a significant number of
events, while the analytical methods are suitable for the cases wherein construction details are recorded
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and well understood. Regarding the latter, this knowledge should be based on experimental work, to
characterise the mechanical behaviour of the materials, and on observed damage data, to calibrate the
procedure. It is worth referring a third group of methods, the heuristic or expert opinion approaches,
by which vulnerability is attributed to building typologies by a panel of experts elicited to perform an
assessment based on a common set of information and their previous knowledge. Finally, a forth group
of methods, the hybrid approaches, combine features of the three previously described techniques.
This cumulated knowledge obtained from the extensive amount of work carried out in this field over the
past 25 years, together with the broad damage data obtained from recent earthquakes, opens a singular
opportunity to develop and calibrate established vulnerability approaches, which can be truly valuable
in the support of risk mitigation and management decisions at the urban scale. Thus, taking advantage
of a wide set of collected damage data of traditional stone masonry buildings after the 1998 Azores
earthquake [159], this chapter presents and discusses the calibration of a seismic vulnerability assessment
method for masonry fac¸ade walls. This methodology was originally proposed by Ferreira et al. [4] and
can be considered as a blend of the typological and conventional methods (presented in Figure 6.1 and to
be reviewed in the following Section 6.2), being based on the computation of a vulnerability index, which
results from a weighted sum of a set of ten parameters that evaluate the global seismic vulnerability
of the masonry fac¸ade wall. Moreover, three new parameters were also herein proposed and calibrated,
aiming at improving the overall methodology by including some new considerations and features that
clearly contribute for the seismic vulnerability of fac¸ade walls.
6.2 Literature review on empirical seismic vulnerability assessment methods
Following the presentation scheme of Fig. 6.1, the empirical methods described within the following
subsections are categorised into four different groups of assessment techniques: typological, indirect,
conventional and hybrid
6.2.1 Typological techniques
According to Vicente et al. [198], typological methods classify buildings into classes depending on mate-
rials, construction techniques, structural features and other factors that influence the building response.
According to these methods, vulnerability is defined as the probability of a structure to suffer a certain
level of damage for a defined seismic intensity. Evaluation of damage probability is based both on ob-
served and recorded damage from previous earthquakes and also on expert knowledge. Results obtained
using this method must be considered in terms of their statistical accuracy, since they are based on simple
field investigation and surveying. In effect, the results are valid only for that particular assessed area, or
for other areas of similar building typology and equal level of seismic hazard. Examples of this method
are the vulnerability functions or Damage Probability Matrices (DPM) developed by [200], compiling
DPMs for several building typologies according to the damaged sustained in over 1600 buildings after the
1971 San Fernando earthquake (Table 6.1).
Calvi et al. [201] stated that one of the first European versions of a DPM was produced by Braga et
al. [202], based on damage data collected after the 1980 Irpinia earthquake, in Italy. These authors used
a binomial distribution to describe the damage distributions of each class for different seismic intensities.
Buildings were separated into three vulnerability classes (A, B and C) and a DPM based on the MSK
scale was evaluated for each class [203]. According to Corsanego and Petrini [204], this type of method is
also known as direct due to the direct relationship existing between the building typology and observed
damage. The use of DPMs is still very popular, mainly in Italy, and several proposals have recently
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Table 6.1: Format of the Damage Probability Matrix (DPM) developed by Whitman et al. [200]
Damage Structural Non-structural Damage Earthquake intensity
state damage damage ratio (%) V VI VII VIII IX
0 None None 0.00-0.05 10.4 - - - -
1 None Minor 0.05-0.30 16.4 0.5 - - -
2 None Localised 0.10-1.25 40.0 22.5 - - -
3 Not noticeble Widespread 1.25-3.50 20.0 30.0 2.7 - -
4 Minor Substancial 3.50-4.50 13.2 47.1 92.3 58.8 14.7
5 Substancial Extensive 7.50-20.0 - 0.2 5.0 41.2 83.0
6 Major Nearly total 20.0-65.0 - - - - 2.3
7 Building condemned 100 - - - - -
8 Collapse 100 - - - - -
been made to update the above mentioned original DPMs [205]). One worth highlighting study was
presented by Dolce et al. [206] wherein, as part of the ENSeRVES project (European Network on Seismic
Risk, Vulnerability and Earthquake Scenarios), the original matrices were adapted for the Italian town
of Potenza. An additional vulnerability class (D) was included by the authors in the formulation using
the EMS-98 scale [207], in order to account for the buildings constructed after 1980, i.e., buildings that
have either been retrofitted or designed to comply with recent seismic codes [201].
6.2.2 Indirect techniques
Indirect methods initially involve the determination of a vulnerability index, followed by the estab-
lishment of the relationships between damage and seismic intensity, supported by statistical studies of
post-earthquake damage data. This form of evaluation is applied extensively in the analysis of vulnerabil-
ity on a wide scale assessment. The “Vulnerability Index Method”, originally proposed by Benedetti and
Petrini [208] (see also [209]), is one of the most applied indirect methods and involves the determination
of a building vulnerability classification system (vulnerability index) based on the observation of phys-
ical building and structural characteristics. Each building is classified in terms of a vulnerability index
related to a damage grade determined via the use of vulnerability functions. These functions enable the
formulation of the damage suffered by buildings for each level of seismic intensity (or peak ground accel-
eration, PGA) and vulnerability index (see Figure 6.2). Such types of methods use extensive databases of
building characteristics (typological and mechanical properties) and rely on observed damage after recent
earthquakes to classify vulnerability, based on a score assignment.
L'indice di vuln rabilità è definito in forma scalare e non
consente di tenere conto delle differenze di risposta
dell'edificio in funzione della direzione prevalente della
sollecitazione; la direzionalità dell'azione sismica può
avere una certa importanza quando si esaminano casi
reali per stabilire correlazioni tra entità delle azioni e
danni provocati.
Un limite ancora più importante è legato all'aver
trascurato, nella definizione dell'indice di vulnerabilità,
gli effetti dell'interazione tra l'edificio e le costruzioni
adiacenti; in altri termini l'indice di vulnerabilità v
rappresenta una specie di misura intrinseca riferita ad
una condizione ideale dell'edificio, considerato isolato
dal contesto: per tale motivo l'indice v sarà indicato nel
seguito con il termine vulnerabilità intrinseca.
Il modo come è efinito l'indice di danno lo rende
insensibile alla localizzazione del danno stesso; in altri
termini, un dato livello di danno ha lo stesso peso sia
che si verifichi, ad esempio, al piano terra sia che sia
stato rilevato all'ultimo piano dell'edificio. Una simile
insensibilità non è ammissibile per molte applicazioni;
la localizzazione del danno può avere influenza, ad
esempio, sui giudizi di agibilità, sulla valutazione dei
costi di intervento e sulla stima delle conseguenze per le
persone.
Una terza limitazione, infine, deriva dalla relativa
esiguità di dati disponibili per la calibrazione dei
pa ametri della re azione tra da no, vulnerabilità ed
entità delle azioni.
Per queste ragioni da qualche anno sono stati avviati
studi per approfondi e la definizione dell'indice di
vulnerabilità e dell'indice di danno; si è cercato di
allargare la base di dati recuperando informazioni
relative ai terremoti degli ultimi anni; infine, si è cercato
di automatizzare il più possibile i procedimenti di
analisi, ricorrendo all'uso integrato di sistemi esperti e di
sistemi informativi territoriali.
Questi sviluppi formano l'argomento dei paragrafi
successivi.
2. VULNERABILITA'
Negli studi di correlazione azione-vulnerabilità-danno è
opportuno disporre di informazioni riguardanti
l'anisotropia della risposta strutturale e considerare
quindi la vulnerabilità come un'entità anisotropa.
Limitandosi a valutare l'indice di vulnerabilità lungo due
direzioni principali, si può in prima approssimazione
rappresentare l'andamento complessivo della
vuln rabilità al variare dell'orienta ento con un'ellisse
orientata avente gli assi proporzionali agli indici di
vulnerabilità valutati per le due direzioni principali
(Grimaz, 1993).
Nella valutazione dell'indice è necessario tener conto
dell'anisotropia anche degli effetti locali e globali del
contesto strutturale.
L'indice di vulnerabilità definito in (1) è rappresentativo
della vulnerabilità dell'edificio pensato come estratto dal
contesto strutturale e riferito alla direzione di maggiore
danneggiabilità. Per tener conto del fatto che
generalmente un edificio presenta una diversa
danneggiabilità al variar  d lla direzione di
sollecitazione si può, in prima approssimazione,
rappresentare l'andamento complessivo della
vulnerabilità con un'ellisse orientata avente gli assi
proporzionali agli indici di vulnerabilità, valutati sempre
con la (1), per le due direzioni principali x e y (vedi
figura 3).
Figura 2. Relazione vulnerabilità-danno-accelerazione per edifici in muratura e cemento armato
(Angeletti et al., 1988; Guagenti e Petrini, 1989).
Figure 6.2: Example of a correlation function between vulnerability, damage and acceleration (from [210])
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According to Calvi et al. [201], the “Catania Project” [211, 212] used an adapted vulnerability index
method for the seismic risk assessment of both masonry and concrete buildings. Following the guidelines
of ATC-21 [213], a rapid screening approach was used to define the vulnerability scores of the buildings.
Further according to the same authors, the main advantage of indirect techniques is that they allow
the vulnerability characteristics of the building stock under consideration to be determined, rather than
base the vulnerability definition on the typology solely. Nevertheless, the methodology still requires
expert judgement to be applied in assessing the buildings and coefficients (and weights) used to define
the vulnerability index which inherently has a degree of uncertainty that is not generally accounted for.
Moreover, large-scale assessment using indirect techniques (at a regional or a national scale) must be
based on data gathered from a large number of buildings, assumed to be representative of the building
stock [214]. When such data is not available, the calculation of a vulnerability index for a large number
of buildings would be a very time consuming task [201].
6.2.3 Conventional techniques
Conventional techniques are essentially heuristic, introducing a vulnerability index for the prediction of
the level of damage. As stated by Vicente et al. [199], there are two types of conventional approaches:
those that qualify the different physical characteristics of structures empirically and those based on the
criteria defined in seismic design standards for structures, evaluating the capacity-demand relationship of
buildings. ATC-13 [215], probably the best known of the first type, defines damage probability matrices
on the basis of the know-how of more than 50 senior earthquake engineering experts who were asked to
provide low, best and high estimates of damage factor (the ratio of loss to replacement cost, expressed
as a percentage) for Modified Mercalli Intensities, MMI [216], VI to XII, for 36 different building classes.
Some large-scale risk and loss assessment works based on ATC-13 can be found in [197,217–220]. As an
example, Table 6.2 presents the damage factors for each damage state, computed by Eleftheriadou and
Karabinis [220] on the development of damage probability scenarios for Greece.
Table 6.2: Central damage factors computed for each damage state (adapted from [220])
Damage state Central damage factor (%)
Intensity level MMS (I )
V VI VII VIII IX
None DS0 0.125% ∗N(1)/2 + 0.50% ∗N(1)/2 97.93 95.03 85.52 69.83 43.96
Green DS1 0.5 0.66 1.68 4.96 9.16 9.20
Yellow DS2 15 1.33 3.08 9.08 19.65 41.21
Red DS3 65 0.07 0.18 0.27 0.81 3.97
Black DS4 100 0.01 0.03 0.17 0.55 1.66
Mean damage factor (MDF) 0.56 0.92 2.00 4.28 10.61
Percentage of the data to the total population 2.07 4.97 14.48 30.17 56.04
(1) Where N is the percentage of the buildings with nearly no damage
6.2.4 Hybrid techniques
Hybrid techniques combine features of the above mentioned techniques, such as the vulnerability functions
based on observed vulnerability and expert judgment, in which vulnerability is based on the vulnerability
classes defined in the European Macroseismic Scale (hereinafter EMS-98) [207]. This is the case of the
macroseismic approach proposed by Lagomarsino and Giovinazzi [221], which combines the characteristics
of the typological and indirect methods using the referred vulnerability classes and a vulnerability index
improved by the use of modifier parameters [199]. This macroseismic method, either in its original format
or with some minor adaptations, has already been applied in the risk assessment of several city centres,
such as Barcelona [222], Spain, and Faro [223], Lisbon [224], Coimbra [198], Faial [159] and Seixal [225],
Portugal.
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6.3 Seismic vulnerability assessment of masonry fac¸ade walls
According to the classification presented in the previous section, the methodology used here can be
classified as an hybrid technique. As already referred in the introductory section, this vulnerability index
formulation was originally proposed by Ferreira et al. [4] and is based on extensive post-seismic damage
observation, through identifying the features that most influence the seismic behaviour of the masonry
fac¸ade walls.
6.3.1 The original vulnerability index formulation
The vulnerability index is calculated as a weighted sum of 10 parameters, each of which related to 4
classes (Cvi) of increasing vulnerability: A, B, C and D (see Table 6.3).
Table 6.3: Vulnerability index associated parameters classes and weights (adapted from [4])
Parameters
Class, Cvi Weight Relative
A B C D pi Weight
Group 1. Fac¸ade geometry and openings
P1 Fac¸ade wall geometry 0 5 20 50 0.50
36.4/100
P2 Wall slenderness 0 5 20 50 0.50
P3 Area of wall openings 0 5 20 50 0.50
P4 Misalignment of wall openings 0 5 20 50 0.50
Group 2. Masonry materials and conservation
P5 Masonry quality 0 5 20 50 0.75
27.3/100
P6 Conservation state 0 5 20 50 0.75
Group 3. Connection efficiency to other structural elements
P7 Connection to orthogonal walls 0 5 20 50 0.50
27.3/100P8 Connection to horizontal diaphragms 0 5 20 50 0.50
P9 Connection to roofing system 0 5 20 50 0.50
Group 4. Elements connected with the fac¸ade wall
P10 Non-structural elements 0 5 20 50 0.50 9.0/100
Each parameter evaluates one aspect related to the seismic response of the fac¸ade wall, calculating
or defining the vulnerability class, Cvi, through the analysis of different features such as geometry,
mechanical properties and conservation state. Subsequently, to each of the 10 parameters a weight, pi,
ranged between 0.5 for the less important parameters, and 0.75 for the more important ones, is assigned.
Therefore, the fac¸ade wall vulnerability index, I∗vf , is given by Eqn. (6.2). For ease of use, the value of
I∗vf is normalised through a weighted sum to a value between 0 and 100, whereby the lower the value of
Ivf , the lower the seismic vulnerability of the fac¸ade wall. It is worth noting that, because their starting
values are based on expert opinion, the major uncertainty associated to this methodology is inherent
to the definition of the each parameter weight. Despite this issue, considering that the assessment of
each parameter is carried out on the basis of a detailed inspection and also that accurate and reliable
geometrical information is available, these uncertainties can be assumed as relatively low, validating the
method robustness [4].
I∗vf =
10∑
i=1
Cvi × pi (6.2)
In order to emphasise the differences and the relative importance amongst them, parameters are
divided into 4 different groups (see Table 6.3):
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i. Group 1 presents a relative weight of 36.4 out of 100 and includes parameters that evaluate the
geometry of the fac¸ade (P1), the slenderness ratio (P2) and the relative location of the openings
(parameters P3 and P4). These first two parameter control the global stability of the fac¸ade wall
(out-of-plane response), while parameter P3 and P4 determines the load path of horizontal forces;
ii. Group 2, with a relative weight of 27.3 out of 100, is focused on the quality of the masonry (P5),
through the evaluation of material (size, shape and stone type), the masonry fabric and arrangement,
and on the global conservation state of the wall (P6);
iii. Group 3 presents the same relative weight as group 2 (27.3 out of 100) and includes parameters
P7, P8 and P9 which evaluate the efficiency of the connections between the fac¸ade wall and other
structural elements such as orthogonal walls (P7), timber floors (P8) and roofing system (P9).
The assessment of these parameters depends, among other things, on the integrity of the masonry
(conservation state, fabric and arrangement) at the connection area and the presence of connection
elements, namely tie-rods. It is worth underlining the great importance of these features on the
development of out-of-plane mechanisms;
iv. Group 4 is the one that has the lowest weight on the Ivf formulation (9.0 out of 100), being
composed only of parameter P10 which evaluates the presence of external elements connected to
the fac¸ade wall, such as balconies, ornaments, lamps, awnings, shading overhangs and fins. Despite
their non-structural nature, the presence of such elements must be considered either because of the
risk associated to their fall or of a possible development of local damage, which can potentially
trigger partial collapse mechanisms.
6.3.2 Damage distribution and scenarios
According to the exposed formulation, a mean damage grade, µD, can be estimated for different macro-
seismic intensities based on the vulnerability index, Ivf . To this end, an analytical expression that
correlates hazard with the mean damage grade (0 < µD < 5) of the damage distribution in terms of
vulnerability value was developed by Ferreira et al. in [4]:
µD = 2.51 + 2.5× tanh
(
IEMS−98 + 5.25× V − 11.6
Q
)
(6.3)
where I is the seismic hazard described in terms of macroseismic intensity (EMS-98 scale), V is the
vulnerability index obtained from Eqn. (6.4), and Q is a ductility factor that describes the ductility of a
certain constructive typology (ranging from 1 to 4 and assumed as 2.0 in [4]). Note that the vulnerability
index, V , determines the position of the curve, while the ductility factor, Q, determines the slope of the
vulnerability function (i.e., the rate of damage increase with rising intensity).
V = 0.592 + 0.0057× Ivf (6.4)
It is worth adding that Eqn. (6.3) was proposed by the referred authors on the basis of extensive
damage data collected in the aftermath of L’Aquila earthquake, which stroke the Italian region of Abruzzo
in 2009. Moreover, since the EMS-98 scale was originally developed for buildings, they presented a
readjustment of the EMS-98 damage descriptions in order to make it more suitable for fac¸ade walls. Such
adapted damage descriptions are herein presented in Table 6.4.
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Table 6.4: Damage grades adopted by [4] for masonry fac¸ade walls
Damage grade Description
Grade 0: No damage No observed damage
Grade 1: Slightly damage Presence of very localised and hairline cracking
Grade 2: Moderate damage Cracking around openings; localised detachment of wall coverings (plaster,
tiles, etc.)
Grade 3: Extensive damage Opening of large diagonal cracks; significant cracking of parapets; masonry
walls may exhibit visible separation from diaphragms; generalised plaster
detachment
Grade 4: Severe damage Fac¸ade walls with large areas of openings have suffered extensive cracking.
Partial collapse of the fac¸ade (shear cracking, disaggregation, etc.)
Grade 5: Collapse Total in-plane or out-of-plane failure of the fac¸ade wall
6.4 Calibration of the original vulnerability index formulation
This section discusses the calibration of the original vulnerability index formulation, by means of two
different approaches. The first one is based on fragility curves constructed from the analytical formulation
developed in Chapter 4, which are then used to compute discrete vulnerability values comparable with the
analytical vulnerability curves obtained with the vulnerability index methodology. The second calibration
approached, discussed in Section 6.4.2, is based on the direct comparison between post-earthquake damage
data, from the 1998 Azores earthquake, and the results obtained from the application of the methodology.
Note that the values obtained through the first calibration process are then used as kick-off values for
the damage-based calibration process.
6.4.1 Calibration with fragility-based results
As previously referred, this section discusses the calibration of some of the evaluation parameters pre-
sented in Table 6.3, through fragility-based results obtained from the analytical formulation discussed in
Chapter 4. To achieve it, each one of the four limit states defined in Section 5.2.2 (LS1 to LS4) were
herein used to define the out-of-plane fragility curves. The statistical variation of the wall capacity is
attained considering the unit weight of stone masonry material, γ, as a random variable, with a mean
value of 21 kN/m3 and a coefficient of variation (CoV) of 10%. Figure 6.3 (a) and (b) presents two sets
of fragility curves obtained for two generic unreinforced stone masonry cantilever walls with the same
thick, 0.65 m, but with two different heights, 2.5 m and 5.0 m, respectively.
The shape of the fragility curves presented in Figure 6.3 reflect the assumptions assumed on the
definition of the four Limit States discussed in Section 5.2.2 and express, in a very clear way, the high
fragility of the cantilever walls when subjected to out-of-plane action. The highly vertical slope of the
curves shows that the first three limit states (LS1: first flexural cracking, LS2: maximum strength and
LS3: maximum allowable damage) occur into very tight acceleration ranges, which, in practical, means
that the out-of-plane collapse of the masonry walls is indeed a quite fragile damage mechanism.
As can be seen in Figure 6.3 (a), an unreinforced stone masonry wall with 2.5 m height presents
approximately 100% probability of collapse if a PGA of 0.6g was attained. It is worth highlighting that
the range of values suggested by the fragility curve corresponding to LS4 (in Figure 6.3 (a)) is in good
agreement with the experimental results presented by A.A. Costa et al. [147] on the out-of-plane shaking
table test of a full scale stone masonry wall, where a trigger acceleration 0.39g (acceleration to form the
overturning mechanism) is referred. Figure 6.3 (b) shows that if the height of the wall is 5.0 m, the PGA
corresponding to collapse decreases from 0.6g to 0.15g.
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(a) t=0.65 m and h=2.5 m (h/t=3.85)
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(b) t=0.65 and h= 5.0 m (h/t=7.69)
Figure 6.3: Fragility curves for generic URM cantilever walls with 0.65 m thick and 2.5 (a) and 5.0 m (b) height
Once constructed the fragility curves, it is then possible to transform them into discrete vulnerability
values associated to a certain probability of occurrence. Therefore, it is necessary to convert the range
of peak ground accelerations values obtained (PGA) into a range of values measured according to the
European Macroseismic Scale, EMS-98 [207]. First, the PGA obtained must be converted to macroseis-
mic intensity values, which can be achieved using the logarithmic relation established by Guagenti and
Petrini [226], Eqn. (6.5):
ln(y) = 0.602× IMCS − 7.073 (6.5)
where y represents the peak ground acceleration (PGA) and IMCS is the macroseismic intensity according
to the MCS scale.
Since the final result must be expressed according to the EMS-98 scale, it was necessary to resort
to Eqn. (6.6) in order convert the values obtained from Eqn. (6.5) into values measured in terms of the
MSK scale, which is equivalent to the EMS-98 scale (IMSK = IEMS−98). This equation was presented
by Margottini et al. [227] and defines a direct comparison between the MCS and the MSK scale.
IMSK = 0.734 + 0.814× IMCS (6.6)
Finally, starting from a certain probability of occurrence (in this case 50%) and assuming that each
limit state can be related with one of the damage grades described in Table 6.4 (LS1 with Grade 1; LS2
with Grade 2; LS3 with Grade 3 and LS4 with Grade 5), discrete values of vulnerability can be obtained for
different macoseismic intensities. Figure 6.4 schematises the process and presents a comparison between
those discrete vulnerability results and a vulnerability function obtained from Eqn. (6.3), considering
Ivf = 36.36. According to the original formulation of the scoring method (see Table 6.3), such value
corresponds to a regular stone URM cantilever wall with 2.5 m height and 0.65 m thick, i.e., a wall
with the same geometrical and mechanical features of that considered on the construction of the fragility
curves presented in Figure 6.3 (a) and Figure 6.4. From the point of view of the application of the
method, it can be achieved assigning class A to all parameters except those related with the efficiency of
the connections between the fac¸ade wall and other structural systems (Group 3), for which class D must
be assigned. Moreover, in order to take into account the width of the specimens used in the laboratory
tests, parameter P1 was also classified with class D.
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Limit state PGA (g) Intensity Damage grade
LS1 0.035 5.75 Grade 1
LS2 0.096 7.12 Grade 2
LS3 0.098 7.15 Grade 3
LS4 0.478 9.30 Grade 5
Ivf =36.36
Figure 6.4: Transformation of fragility curves into discrete vulnerability values (50% probability of occurrence)
Following the procedure outlined above, it is possible to analyse the influence of the parameters that,
almost the ten that compose the vulnerability index formulation, rule the out-of-plane vulnerability of the
fac¸ade wall: Parameters P2 (Wall Slenderness), P7 (Connection to orthogonal walls), P8 (Connection
to horizontal diaphragms) and P9 (Connection to roofing system). Thus, the challenge is finding the
weights that lead to the best approximation between the discrete vulnerability points and the continuous
vulnerability function, considering four different values for the thickness of the wall. Each one of these
four values should lead to a different vulnerability class for Parameter P2, according to the h/t ratios
defined in Table 6.5.
Table 6.5: Vulnerability classes, Cvi, for parameter P2: Wall slenderness
Wall slenderness
h/t ≤ 9 9 < h/t ≤ 15 15 < h/t ≤ 20 h/t > 20
A B C D
Figure 6.5 (a) depicts the confrontation between the discrete vulnerability results and the analytical
vulnerability curves obtained considering the original weights of parameters P2, P7, P8 and P9 and
the following h/t ratios: 8.33, 10.00, 16.67 and 25.00 (all for h=2.5 m), which correspond to the four
vulnerability classes. In addition, the PGA values found for each vulnerability class and Limit State (LS)
are also given in the figure.
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(b) New weights: wP2 = 0.5;wP7 = wP8 = wP9 = 2.0
Figure 6.5: Calibration of Parameters P2, P7, P8 and P9 from fragility-based results
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From the observation of Figure 6.5 (a), it is quite clear that following the original formulation of the
method, the influence of the above referred parameters on the final value of the vulnerability index is
greatly underestimated. The relatively low values obtained for Ivf , ranging between 36.36 for Class A to
40.40 for Class D, prove this hypothesis.
Thus, the next step consisted in finding the combination of weights for Parameter P2, P7, P8 and
P9 that lead to the best approximation between the vulnerability curves and the discrete vulnerability
points (see Figure 6.5 (b)). After a careful analysis of the changes resulting from the adjustment of
each one of the weights under investigation, it was concluded that the three parameters that evaluate
the efficiency of the connections between the fac¸ade wall and the other structural elements (Parameters
P7, P8 and P9), should take the value 2.0. Regarding Parameter P2, it was observed that the most
interesting result is obtained when its initial value is left unchanged, i.e., equal to 0.5. In fact, even
though the result presented in Figure 6.5 (b) does not really represent the best approximation between
the vulnerability curves and the discrete vulnerability points, it is the best result possible keeping the
philosophy behind the vulnerability method. If the importance of Parameter P2 on the global evaluation
of Ivf is too high, the methodology loses the ability to capture the influence of the other features that
also contribute to the seismic vulnerability of the fac¸ade wall. Nevertheless, as can be inferred from
the observation of Figure 6.5 (b), the improvements introduced by this procedure for the adjustment of
the analytical vulnerability curve to the fragility-based results are most interesting, particularly for the
higher macroseismic intensities.
6.4.2 Calibration from observed damage
During the dawn of 9th July 1998, an earthquake with moment magnitude Mw = 6.2, have struck the
islands of Faial, Pico and Saint Jorge, in the Azores Archipelago, Portugal, reaching degree VIII on the
Modified Mercalli Intensity scale, MMI [216], and causing major destruction in the northeast part of
Faial island [228]. Numbers were shocking for the Portuguese recent historical collective memory, with
8 deaths, 150 injured and 1500 homeless, amongst a total of more than 5000 people directly affected by
the earthquake [229]. Figure 6.6 depicts the macroseismic intensity distribution of the Faial earthquake
expressed in terms of Modified Mercalli Intensity [216].
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Figure 6.6: MMI scale intensity map of Faial island (adapted from [228])
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The map presented in Figure 6.6 was constructed by [228] on the basis of post-event field obser-
vations [229]. However, given the high level of destruction found in some parishes this indicates that
intensities at individual sites might have been one grade higher than those of the regional values plotted
on the map [228]. Some examples of the massive destruction caused by the 1998 Azores earthquake are
shown in Figure 6.7.
Figure 6.7: Severe destruction in Faial island after the 1998 Azores earthquake
As previously exposed, damage grades and scenarios are estimated considering the European Macro-
seismic Intensity scale (EMS-98). Thus, it was necessary to correlate the previous MMI intensity map
developed by Zonno et al. [228] with the desired scale. Although this process necessarily involves some
degree of subjectivity, according to [230], both intensity scales are broadly compatible with one another
as they derive ultimately from the proposal of Cancani [231]. Nonetheless the same authors state that,
an ideal procedure would be to re-assess data using the desired scale rather than attempting on establish-
ing conversions between intensity scales, which often becomes impracticable due to time and resources.
Hence, hereinafter, macroseismic intensities will be represented in EMS-98 scale considering the men-
tioned assumption, in which degrees from MMI and EMS-98 scales are directly associated, being the
EMS-98 intensity V described (Strong - The earthquake is felt indoors by most, outdoors by many. Many
sleeping people awake. A few run outdoors. Entire sections of all buildings tremble. Most objects swing
considerably. China and glasses clatter together. The vibration is strong. Top-heavy objects topple over.
Doors and windows swing open or shut), correlated to the corresponding MMI intensity V (Moderate -
Felt by nearly everyone, many awakened. Some dishes, windows broken. Unstable objects overturned.
Pendulum clocks may stop) [207,230].
This event allowed to collect an unprecedented quantity of detailed data concerning the characteri-
sation of the building stock and the damage suffered by constructions, whereas a comprehensive cata-
log comprising a detailed characterisation of the old traditional rubble stone building stock, a detailed
damage grade classification based on different damage mechanism observed and a seismic vulnerability
assessment of the building stock, was presented by Neves et al. [159]. From the exposed, this section
presents a calibration of the original vulnerability index method through its application to a set of 90
buildings considered representative of the traditional Azorean masonry construction and for which very
detailed documentation was available. Among other elements, this documentation was composed of very
detailed reports, authored by the retrofitting companies involved in the 1998 Azores reconstruction pro-
cess, wherein a description of both the original and the retrofitted structure (with descriptions of the
construction technologies and blue prints) and the post-earthquake damages observed were reported in
a comprehensive way. This information was further enhanced with a vast collection of pictures provided
by owners and municipal authorities. Figure 6.8 presents an example of one these reports.
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(a) Cover page (b) Mapping of damage
Figure 6.8: Example of a report used for supporting the vulnerability index assessment
According to the following Table 6.6, further than their representativeness in terms of material and
constructive technology, buildings were selected so that the sample was composed by both rural and
urban buildings, with different number of floors and distinct grades of observed damage, µD, attributed
according to the adapted EMS-98 damage grades presented in Table 6.4.
Table 6.6: Classification and distribution of the assessed buildings
District
Number of floors Grades of observed damage, µD
Single 2 3 4 0 1 2 3 4 5
Angu´stias (7) (2) (4) 1 - - (7) - - - -
Castelo Branco (5) (2) (3) - - - (1) (3) (1) - -
Cedros (6) (2) (4) - - - (3) (3) - - -
Conceic¸a˜o (12) (5) (3) (4) - (1) (8) (2) (1) - -
Feteira (5) (2) (3) - - - (3) (1) (1) - -
Flamengos (5) (2) (3) - - - - (2) (1) (2) -
Matriz (16) - (3) (11) (2) (1) (13) (2) - - -
Pedro Miguel (5) (1) (4) - - - - - (2) (2) (1)
Praia de Almoxarife (16) (9) (7) - - - (7) (5) (4) - -
Ribeirinha (7) (5) (2) - - - - - (3) (2) (2)
Sala˜o (5) (1) (4) - - - (2) (1) (1) (1) -
As already noted in the beginning of the present section, on the basis of the comparison between this
damage data presented in Table 6.6 and the results obtained from the application of the Ivf method to
such building stock, it was then possible to verify and calibrate the original formulation following three
steps, each of one presented and thoroughly discussed in the following sections:
i. Application of the vulnerability index formulation (in Section 6.4.2.1);
ii. Calibration of the original parameters presented in Table 6.3 and discussed next in Section 6.4.1
(in Section 6.4.3);
iii. Proposal for the inclusion of three new parameters taking into account the interaction between
adjacent fac¸ade walls, the composition of the horizontal diaphragms (type and mass) and the
presence of external elements that can enhance the seismic behaviour of the fac¸ades (in Section 6.5).
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6.4.2.1 Application of the methodology to real buildings
From the application of the original vulnerability index formulation to the 90 buildings assessed, a mean
value of the seismic vulnerability index, Ivf,mean of 28.68 was obtained. Moreover, approximately 16%
of the assessed buildings present a vulnerability index value over 40 and about 9% over 45. 21% have an
Ivf below 20. The extreme values obtained for Ivf , maximum and minimum, were respectively 56 and 8.
Finally, a standard deviation value, σIvf , of 10.62 was obtained. Figure 6.9 presents the histogram and
the best-fit normal distribution curves for the global distribution of Ivf (90 buildings) and the individual
influence of each parameter class, Cvi, (Table 6.3) on the achieved values for the vulnerability index, Ivf .
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Figure 6.9: Vulnerability index distributions and influence of each class on the Ivf values
Subsequently, these 90 buildings were grouped according to the intensity map depicted in Figure 6.6
and a mean damage grade, µD, was assigned to each building based on the available post-earthquake
damage data. Following this procedure, it was then possible to plot the histograms obtained for each
macroseismic intensity and also the corresponding correlations obtained between the four samples consid-
ered and the corresponding vulnerability function given by Eqn. (6.3), shown in Figure 6.10. Regarding
the partial distributions associated with the mentioned histograms, mean values of 25.95, 26.65, 30.78
and 33.09 were obtained for the Ivf values corresponding to intensities IEMS−98 = V, VI, VII and VIII,
respectively. Accordingly, the correlated standard deviation values, σIvf , calculated are 7.63, 8.24, 12.69
and 13.22.
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106
Out-of-plane seismic performance of stone masonry walls: Experimental and analytical assessment
(figure starts on the previous page)
0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 00
1
2
3
4
5
Mea
n D
ama
ge G
rade
,  D
 
V u l n e r a b i l i t y  I n d e x ,  I v f
(c) IEMS−98 = VII
0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 00
1
2
3
4
5
Mea
n D
ama
ge G
rade
,  D
 
V u l n e r a b i l i t y  I n d e x ,  I v f
(d) IEMS−98 = VIII
Figure 6.10: Results achieved through the application of the original method, for different intensities, IEMS−98
Moving on to the confrontation between the partial results, grouped by intensity, and the vulnerability
curves obtained from the application of the original Ivf formulation (in Figure 6.10), it is clear that, in
general terms, the approximation between both was found quite poor. In fact, some points are signifi-
cantly shifted from the corresponding vulnerability curves, fact that may be related with an erroneous
(underestimated) attribution of some of the macroseismic intensities considered in the intensity map of
Figure 6.6, hypothesis that was also admitted by its authors [228].
6.4.3 Calibration of the evaluation parameters
The approximation between the initial point cloud and the previously referred vulnerability curves was
made possible resourcing to Matlabr Curve Fitting Toolbox software. In this sense, a weighted least-
squares fitting method was used, varying the parameters weights, pi, related to the vulnerability index,
Ivf . Data fitting techniques require a parametric model relating the response data to the estimated data
(in Section 6.4.2.1) with one or more coefficients. The result of the fitting process was an estimate of
the model coefficients, obtained through the mentioned least-squares method by minimising the squared
sum of residuals. The residual, calculated through Eqn. (6.7), represents the error associated with the
k th data point, rk, and is defined as the difference between the observed response value, yk, and the
fitted response value yk. In order to achieve our goals and improve the curve fit, a weighted linear least-
squares fitting was conducted considering an additional scale factor (the weight, wI) in the fitting process,
whereas two assumptions were considered: the error exists in the response data and not in the estimated
data; the weights provided in the fitting process adequately indicate the differing quality levels presented
in the data. The estimated data collected for higher intensities IEMS−98 = VII and IEMS−98 = VIII was
assumed more reliable since the extension of damage is easier to observe and adapt to damage grades
proposed by the European Macroseismic Scale [207]. Thus, these weights, wI , were used to adjust the
level of influence each macroseismic intensity has on the estimates of the fitted coefficients.The squared
sum of residuals for a determined intensity I is given by the following Eqns. (6.7) and (6.8):
rk = yk − yk (6.7)
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S(IEMS−98) = w(IEMS−98)
n∑
i=1
(rk)
2
(6.8)
where S(IEMS−98) is the squared sum of residuals associated to a macroseismic intensity IEMS−98, wI
the additional scale factor assumed 15/45 for intensities IEMS−98 = V and IEMS−98 = VI, and 30/45
for intensities IEMS−98 = VII and IEMS−98 = VIII, and n is the number of data points included in
each curve fit. This way it was then possible to obtain the parameters weights pi that, for each intensity
IEMS−98, minimises the overall squared sum of residuals of all the evaluated macroseismic intensities (see
Table 6.7).
Table 6.7: Vulnerability index associated parameters classes and new calibrated weights, pi
Parameters
Class, Cvi Weight Relative
A B C D pi Weight
Group 1. Fac¸ade geometry and openings
P1 Fac¸ade wall geometry 0 5 20 50 0.50
18.2/100
P2 Wall slenderness 0 5 20 50 0.50
P3 Area of wall openings 0 5 20 50 0.50
P4 Misalignment of wall openings 0 5 20 50 0.50
Group 2. Masonry materials and conservation
P5 Masonry quality 0 5 20 50 2.00
36.4/100
P6 Conservation state 0 5 20 50 2.00
Group 3. Connection efficiency to other structural elements
P7 Connection to orthogonal walls 0 5 20 50 2.00
40.9/100P8 Connection to horizontal diaphragms 0 5 20 50 0.50
P9 Connection to roofing system 0 5 20 50 2.00
Group 4. Elements connected with the fac¸ade wall
P10 Non-structural elements 0 5 20 50 0.50 4.5/100
Generally, the obtained weights presented in Table 6.7 comply with their relative importance on
the typical seismic behaviour of masonry fac¸ade walls, with the parameters related to the quality of
the masonry, the conservation state and the efficiency of the connection between structural elements,
assumed as the most important parts. Notwithstanding this fact, it is important to note that parameter
P8, which is related to the connection between the fac¸ade wall and horizontal diaphragms, counters this
tendency recovering its initial weight (0.50). Two fundamental reasons can be pointed out for this; on
the one hand, all the one-story buildings were assigned with class A and B (about 75%), assuming this
connection perfectly efficient and, on the other hand, this parameter is frequently very difficult to assess
in multi-storey buildings, either in situ or on the basis of post-earthquake survey data.
It is worth adding that, in what concerns to the first reason, there are other parameters for which
this justification is also applicable, namely those belonging to Group 1. The squared sum of residuals
and the comparison between the global original and the calibrated results were presented side-by-side in
Figures 6.11 and 6.12.
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(a) IEMS−98 = V
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(b) IEMS−98 = VI
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(c) IEMS−98 = VII
0 10 20 30 40 50 60
-3.00
-2.25
-1.50
-0.75
0.00
0.75
1.50
2.25
3.00
 Original method residuals
 10-Parameter calibrated method residuals
Vulnerability Index, Ivf
R
es
id
ua
ls
, r
k
(d) IEMS−98 = VIII
Figure 6.11: Achieved values for the squared sum of residual values resulting from the application of the original
and 10-Parameter calibrated methods for each intensity IEMS−98
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Figure 6.12: Global comparison between the original (a) and the 10-Parameter calibrated results (b)
Finally, Figure 6.13 shows the comparison between the normal distributions obtained from the appli-
cation of the original and the 10-Parameter calibrated vulnerability index method, reflecting the improve-
ments obtained form the calibration of the parameter weights, leading to a more balanced distribution
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in terms of Ivf . The average values of the vulnerability index, I¯vf , computed from the calibrated normal
distribution were 31.16, 35.91, 42.29 and 46.27, whilst the standard deviation values, σIvf , were 12.51,
13.82, 18.98 and 19.94, respectively for intensities of IEMS−98 = V, IEMS−98 = VI, IEMS−98 = VII and
IEMS−98 = VIII.
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Figure 6.13: Histograms and best-fit normal distribution comparison between the original and 10-Parameter
calibrated methods for each intensity, IEMS−98
6.5 Proposal for the inclusion of three new assessment parameters
As already referred, one of the main objectives of this work is proposing three new evaluation parameters,
aiming at including the interaction between adjacent fac¸ade walls, the replacement of original timber
diaphragms and the presence of external or/and internal elements that improve the seismic performance
of the fac¸ade wall.
6.5.1 Definition of the new assessment parameters
6.5.1.1 Parameter P5: Interaction between adjacent fac¸ade walls
Damage observation from past destructive earthquakes has confirmed the important role that the inter-
action between adjacent buildings plays both on the global structural behaviour and on the development
of damage mechanisms, concentrated at the interaction of interfaces, as shown in Figure 6.14. Therefore,
this fact justifies the inclusion of a new parameter P5, called “Interaction between adjacent fac¸ade walls”,
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which seeks to consider the potential development of concentrated damage at the interface between adja-
cent buildings, known as “pounding”. In addition, as this type of damage mechanism is typically observed
in low to moderate earthquake intensities, it is expected that the inclusion of this parameter will result
on a better fit of the vulnerability index method, namely for intensities IEMS−98 = V and IEMS−98 =
VI.
Figure 6.14: Examples of localised damages caused by the interaction between adjacent buildings
According to schematised in Figure 6.15, wherein the four classes, Cvi, proposed for this parameter
are defined, the evaluation of parameter P5 is carried out on the basis of the relative height and position
between the fac¸ade wall assessed and the adjacent fac¸ades.
A B C D
Figure 6.15: Vulnerability classes, Cvi, for parameter P5: Interaction between adjacent fac¸ade walls
6.5.1.2 Parameter P8: Replacement of original flooring system
The replacement of the traditional timber horizontal diaphragms for heavier concrete-based structures is
one of the most frequently observed interventions in old masonry buildings, mainly in urban environment.
However, the negative consequences of such intervention are grossly significant and systematically forgot-
ten. More than compromising the structural behaviour of the load-bearing walls for vertical static loads,
the additional load imposed by such diaphragms is frequently responsible for the out-of-plane collapse of
the masonry fac¸ade walls, when subjected to horizontal actions (Figure 6.16).
Figure 6.16: Out-of-plane collapse due to horizontal thrust of concrete floors and poor connection
Moreover, the connections between these rigid diaphragms and structural walls are often poor, com-
promising the desirable box behaviour of the masonry building (see for example [232]). This parameter,
hereinafter called “Replacement of original flooring system”, is assessed through the calculation of the
actual percentage, P , of original horizontal diaphragms, as showed in the following Table 6.8.
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Table 6.8: Vulnerability classes, Cvi, for parameter P8: Replacement of original flooring system
Replacement of original flooring system
0 ≤ P < 25% 25% ≤ P < 50% 50% ≤ P < 75% P ≥ 75%
A B C D
P is the percentage of original timber structure
6.5.1.3 Parameter P13: Improving elements
Lastly, the regular presence of singular elements both in old city centres and isolated masonry buildings,
have been identified and known for their positive contribution on improving the seismic behaviour of
fac¸ades, such as the presence of exterior stairs or arches, wall thickening at the ground floor level or giants
(see Figure 6.17). Additionally, the pre-existence of masonry consolidation or strengthening actions, such
as reinforced plasters, addressed in Chapter 3 and depicted next in Figure 6.17 (c), must also be taken
into account. In this sense, this third new parameter P13, referred as “Improving elements”, was included
in order to address this issue. Table 6.9 presents the vulnerability classes associated to parameter P13.
It is important to note that regarding the late 90’s reality of Faial’s building stock, only the presence of
exterior stairs was evident. Despite reinforced plasters has been one of the most widely used retrofitting
technique during the 1998 Azores earthquake reconstruction process, which was already discussed in
Chapter 3, such technique is rarely mentioned on the building individual reports herein used for the
buildings assessment.
(a) exterior masonry stairs (b) arches (c) presence of reinforced plasters
Figure 6.17: Examples of the presence of some of the improving elements that should be taken into account
on the vulnerability assessment
Table 6.9: Vulnerability classes, Cvi, definition for parameter P13: Improving elements
Improving elements
No improvement Exterior stairs, arches, giants, etc. Reinforcement actions Strengthening actions
A B C D
6.5.2 Definition of the new assessment parameters’ weights
Following the same exact calibration process described in Section 6.4.2, resourcing to the weighted least-
squares fitting method, updated weights associated to each one of the three new evaluation parameters
were defined, resulting on the extended 13-parameter version of the vulnerability index method for ma-
sonry fac¸ade walls, assembled in the following Table 6.10.
Once again, the weights pi, obtained from the calibration process, comply with their relative im-
portance over the typical seismic behaviour of the fac¸ade walls, whereas the parameter related to the
presence of improving elements (parameter P13) is attributed a relative higher weight. This situation
was expected somehow, being in good agreement with the experimental results presented in Chapter 3,
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Table 6.10: Vulnerability index associated parameters, classes Cvi and weights pi of the new 13-Parameters
proposal
Parameters
Class, Cvi Weight Relative
A B C D pi Weight
Group 1. Fac¸ade geometry and openings
P1 Fac¸ade wall geometry 0 5 20 50 0.50
16.7/100
P2 Wall slenderness 0 5 20 50 0.50
P3 Area of wall openings 0 5 20 50 0.50
P4 Misalignment of wall openings 0 5 20 50 0.50
P5 Interaction between adjacent fac¸ade walls 0 5 20 50 0.25
Group 2. Masonry materials and conservation
P6 Masonry quality 0 5 20 50 2.00
31.5/100P7 Conservation state 0 5 20 50 2.00
P8 Replacement of original flooring system 0 5 20 50 0.25
Group 3. Connection efficiency to other structural elements
P9 Connection to orthogonal walls 0 5 20 50 2.00
33.3/100P10 Connection to horizontal diaphragms 0 5 20 50 0.50
P11 Connection to roofing system 0 5 20 50 2.00
Group 4. Elements connected with the fac¸ade wall
P12 Non-structural elements 0 5 20 50 0.50
18.5/100
P13 Improving elements 0 5 20 50 -2.00
wherein the already referred strengthening techniques, included in parameter P13, proved to be quite
efficient on improving the global behaviour of the fac¸ade walls, with an improvement of about 166% and
65% in terms of effective stiffness and maximum strength, respectively. To both remaining assessment
parameters (P5 and P8), a weight of 0.25 was attributed, becoming this way the least influential pa-
rameters over the final value of Ivf . Regarding the relative weight of each group of parameters, as in
the case of the 10-parameter formulation, Group 3, which assesses the efficiency of connections between
structural elements remains the one that most influences the final vulnerability index value with a relative
weight of 33.3 out of 100 points. Figure 6.18 shows the comparison between the 10-Parameter calibrated
results, the 13-Parameter extended version of the vulnerability index method and the vulnerability curves
corresponding to each of the macroseismic intensities IEMS−98 considered.
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Figure 6.18: Results obtained from the application of the 10-Parameter and the 13-Parameter extended version
Finally, Figure 6.19 presentes the comparison between the frequencies and the normal distributions
obtained from the 10-Parameter calibrated results and the 13-Parameter extended version of the Ivf
method.
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Figure 6.19: Comparison between histograms relative to the normal distribution of Ivf resulting from the
application of the 10-Parameter and 13-Parameter version of the method
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6.6 Final remarks
The enhancement of large-scale seismic vulnerability methods through existing damage observation and
collected data is considered a fundamental step towards increasing the reliability of such techniques.
The application of the original method for the seismic vulnerability assessment of masonry fac¸ade walls
was fully examined and gaps were identified and discussed. As expected the calibration of the original
parameters weights have significantly improved the approximation between the vulnerability curve and
the evaluated point cloud. Moreover, this calibration process has widened the spectrum of vulnerability
index range values. Three new parameters were successfully added to the original methodology, after
acknowledging their importance and influence on the behaviour of masonry fac¸ade walls.
Thus, the work developed in this chapter represents a valuable contribution for the validation of the
referred vulnerability approach, which henceforth can be used by responsible authorities as a proficient
tool for the seismic vulnerability assessment of old urban centres in Portugal, whereas both building
stock typology and mechanical properties meet similar conditions. From the outputs of this methodology,
escape route, emergency planning and the identification of critical areas can be spatially identified into a
GIS environment without carrying significant labor and computational resources.
Nevertheless, more efforts need to be made in order to enhance the calibration processes discussed
in this chapter, particularly regarding the formulation of the fragility curves and the way how such
fragility-based results can be used to calibrate the methodology. In this sense, further parametric tests
are required to fully understand the actual contribution of the geometry and the boundary conditions for
the global seismic vulnerability of fac¸ade walls.
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CHAPTER 7
CONCLUSIONS AND FUTURE DEVELOPMENTS
Abstract This final chapter presents a general overview of the work developed throughout this research program
and summarises the key conclusions that have been pointed out in the previous chapters of the thesis. To
finalise, possible future research lines are outlined and discussed.
Chapter outline
7.1 General description of the work developed
7.2 Summary of the main conclusions
7.2.1 Literature review
7.2.2 Field experimental tests
7.2.3 Laboratory experimental tests
7.2.4 Development of an analytical procedure
7.2.5 Calibration of a seismic vulnerability index method
7.3 Future developments
7.1 General description of the work developed
As exposed in Section 1, this thesis focuses on the characterisation of the out-of-plane performance
of traditional stone masonry walls under earthquake action, through the development of an innovative
fragility-based procedure founded on solid experimental output and analytical formulation. Amongst
other possible applications, such procedure can be used to complement the calibration of simplified
seismic vulnerability approaches, which have been typically designed and simply calibrated on the basis
of post-earthquake damage observation.
Regarding the structure of the document, it was organised in seven chapters, subdivided into two
parts: Part A, devoted to the experimental work; and Part B, dedicated to the analytical developments.
Thus, the first of these seven chapters presents the scope and motivations, discusses the objectives,
and outlines the tasks foreseen in this work. Moreover, the organisation of the document and the list
of peer-reviewed publications associated to this thesis is also presented. The second chapter contains a
quite extensive literature review on the issue of the out-of-plane performance of unreinforced masonry
structures, wherein the key analytical, numerical and experimental approaches developed and applied till
present in this field are identified and discussed.
Part A is started on the third chapter with an in situ experimental campaign performed on three
traditional stone masonry walls to characterise their out-of-plane cyclic response under different strength-
ening conditions (original, retrofitted and strengthened). Following this field work, the fourth chapter
describes an experimental campaign conducted in laboratory environment, in the scope of which six full-
scale unreinforced masonry piers were tested resorting to two different loading techniques under three
distinct vertical pre-compression conditions.
The fifth chapter - the first of Part B -, describes a new simplified mechanical-based procedure to
characterise the out-of-plane linear and non-linear seismic performance of unreinforced regular stone
masonry walls, which was subsequently used in the sixth chapter to calibrate a pre-existing vulnerability
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index method, through a fragility-based approach founded on fragility curves constructed from damage
limit-states. Moreover in Chapter 6, the results obtained from such calibration are compared with post-
earthquake damage data gathered in the sequence of the 1998 Azores earthquake.
Finally, the seventh and last chapter, makes a general overview of the work developed, underlining
the most important conclusions and discussing possible future works.
7.2 Summary of the main conclusions
The most relevant conclusions obtained in each one of the five main chapters of this thesis are now
summarised in the following subsections.
7.2.1 Literature review
In what regards to the comprehensive literature review presented in Chapter 2, three major conclusions
should be recovered and underlined:
• Even though force-based methods present an over conservative approach to evaluate existing ma-
sonry buildings, such approaches remain valuable tools to predict local collapse mechanisms. Notwith-
standing, in order to correctly assess the out-of-plane behaviour of this type of structures, a step
forward should be made by integrating available analytical displacement-based or energy-based
procedures for post-cracking assessment and/or full dynamic behaviour;
• The selection of a numerical tool should be necessarily based on a set of aspects that that could
compromise the applicability and the efficiency of a numerical analysis, namely: compatibility of
the analysis tool, type and amount of information available, the availability and the cost of the
tool itself, as well as the available financial resources and time consumption. Nevertheless, and
as was highlighted by Lourenc¸o [153], independently of the type of strategy adopted, accurate
masonry models can only be obtained if (and only if) a reliable material description, properly
validated by comparison with a significant number of experimental data, is available. Moreover,
it is always preferable to opt for modelling of structural parts, rather than full structures. Linear
elastic calculations for historical structures should also be avoided;
• Experimental work present a non-neglectable set of difficulties, inherent to their own nature, that
should be carefully safeguarded. Amongst others, the correct reproduction of real or representative
loading and boundary conditions are examples of some debatable issues.
7.2.2 Field experimental tests
As already refereed, the in situ experimental campaign discussed in Chapter 3 allowed to obtain a very
interesting set of information regarding the out-of-plane cyclic response of basaltic stone masonry walls,
the effective performance of some of the most applied retrofitting/strengthening techniques after the 1998
Azores earthquake as well as the efficiency of the test setup itself. Thus, the following is worth to be
pointed out:
• The test setup developed in the scope of this experimental campaign proved to be efficient on the
in situ out-of-plane cyclic testing of stone masonry walls, allowing to run both unidirectional and
bidirectional motions;
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• The simple retrofitting/strengthening scheme used in this experimental campaign led to significant
improvements of the out-of-plane resistant features of the masonry walls, namely in terms of their
effective stiffness, with improvements of about 65% and 166% respectively, maximum strength, 38%
and 56%, and limit rotation, 22% and 32%. Moreover, improvement ratios of around 50% were also
observed in terms of the cumulative energy dissipation capacity of the wall;
• Despite the outputs obtained from the experiments have allowed to validate the test setup, the
influence of the loading history (in terms of the number of cycles and amplitude) on the experimental
stiffness, strength and deformation results should be taken into consideration in future applications
of this testing scheme.
7.2.3 Laboratory experimental tests
The laboratory experimental tests described in Chapter 4, were prepared and carried out aiming at
studying and characterising the post-peak out-of-plane response of unreinforced regular stone masonry
walls, looking simultaneously at validating a new test setup based on the use of airbags. Bearing in mind
such objectives, the following ideas should be underlined:
• Both test setups used in this experimental campaign (line load and airbags) were able to globally
mobilise the out-of-plane response of the masonry walls;
• The masonry walls presented substantial displacement capacity, with ratios of ultimate displacement
to wall thickness (d/t) ranging between 26% and 42%, as well as good energy dissipation capacity
which, as expected, were proved to be highly influenced by boundary conditions, namely by the
vertical pre-compression state;
• Very interesting results were obtained from the simple analytical model used for the identification of
some experimental-based ratios, namely regarding the result obtained for ratio ∆f/t. The average
value found for this ratio was 60% (12.50% CoV), which is in good agreement with the literature
wherein ∆f is often assumed as about 2/3 of the wall thickness.
7.2.4 Development of an analytical procedure
As described in Chapter 5, the simplified analytical approached developed within the scope of this work is
based on the construction of a linearised four-branch model, which characterise the linear and nonlinear
response of the URM walls by means of an overturning moment-rotation relationship. The formulation
of the model was outlined, the parameters that rule its behaviour were calibrated and finally the results
obtained from its application on real walls were discussed. Following this work, three final comments
should be made.
• The model manages to reproduce in an interesting manner some of the most relevant features of the
out-of-plane response of unreinforced masonry walls, namely the maximum out-of-plane capacity
of the wall and its elastic and effective stiffness. Furthermore, the shape of the overturning decay
branch associated with the out-of-plane response of the wall is also well captured by the model;
• Comparing with more complex methodologies, this approach presents two key advantages: (i) it is
straightforward in its application; and (ii) it is not affected by the epistemic uncertainties inherent
to the selection of appropriate input parameters associated, for example, with the mechanical
characterisation of the materials;
119
Chapter 7. Conclusions and future developments
• Finally, it is believed that this simplified procedure should be seen as a practical alternative to
other simplified approaches, which have been developed and calibrated either for different types of
nonlinear response or for different types of masonry. In fact, if appropriate experimental and/or nu-
merical data exist, this model can be easily applied to other masonry walls with different typologies
and fabric.
7.2.5 Calibration of vulnerability index method
Chapter 6 presents an innovative and valuable work on the calibration of a pre-established seismic vul-
nerability assessment method for fac¸ade walls, resorting to two different, but complementary approaches.
The first is based on fragility curves constructed from the simplified analytical formulation presented
in Chapter 5, while the second, more conventional, is based on post-earthquake damage observation.
Although the recognised improvement that some of analysis presented still need, the results obtained are
quite interesting and therefore justify the following comments:
• The calibration of the original parameters weights have significantly improved the approximation
between the analytical results and the damage data obtained from post-earthquake field observation.
Moreover, the calibration process discussed in this chapter has led to widening the spectrum of the
vulnerability index results obtained with the herein used vulnerability method;
• Identified the influence of some relevant additional features to assess the intrinsic vulnerability
of the fac¸ade walls, three new parameters were successfully added to the original 10-Parameter
formulation, allowing an even better approximation between the analytical-based damage results
and real post-earthquake damage data;
• The enhancement of large-scale seismic vulnerability methods through both analytical-based and
real post-earthquake damage data, must be seen as a fundamental step towards increasing the
reliability of such approaches, which can be used by the responsible authorities as a proficient tool
for the seismic vulnerability assessment of typologically similar old urban centres.
7.3 Future developments
As a result of the research work performed, new research lines have been identified, either for further
validation of the main results and conclusions achieved in this work or for assessing the behaviour of
existing masonry structures.
Regarding the experimental work, future experimental testing should be performed to characterise
similar stone masonry walls with different slenderness ratios, dimensions and overburden ratios, in order
to increase the amount of acquired data and to check whether the obtained limit values are similar to
those presented in this work. In addition, numerical simulations calibrated with experimental results
should also be done to provide better insight and consistency on the available data for this type of stone
masonry walls. Such increase of data is mandatory for the seismic assessment of masonry fac¸ades resorting
to simplified analytical formulations, such as that proposed in Chapter 5.
Another interesting research line to develop in the future is related to the simplified analytical method
presented in Chapter 5. As already noted, despite the high level of simplification inherent to the formu-
lation of the model itself, it manages to reproduce in a very acceptable way some of the most relevant
features of the out-of-plane response of unreinforced masonry walls, such as its maximum out-of-plane
capacity and its elastic and effective stiffness. However, it would be interesting to extend the formulation
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of the method, namely in order to include the influence of the connections between walls and horizontal
diaphragms.
Despite the encouraging results obtained from the calibration process presented in Chapter 6, further
efforts must be made to improve the herein discussed fragility-based approach, namely regarding the
way how the fragility curves are constructed. Both their construction and the definition of the discrete
vulnerability values are quite complex tasks and therefore future research is needed in order to fully
understand the influence of all the assumptions assumed and involved.
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